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ABSTRACT 
 
Raghavapuram, Shravanthi. M.S., Department of Chemistry, Wright State University, 
2009. Tailoring the Degree of Branching in Hyperbranched Poly (arylene ether 
sulfone)s and Poly(arylene ether ketone)s prepared via an A2 + BB'B" Approach. 
  
 
The synthesis and characterization of hyperbranched poly(arylene ether)s with 
tailored degrees of branching has been explored via an A2+B3 approach. The 
reactivity of the individual electrophilic sites towards nucleophilic aromatic 
substitution, NAS, of the BB’B” monomers 4, 3’, 5’-trifluorophenyl sulfone, 1 and 4, 
3’, 5’-trifluoro benzophenone, 2 were studied. The concentration, temperature and 
solvent conditions had an effect on the degree of branching, DB, in 1 and 2 and were 
probed via 
13
C and 
19
F NMR spectroscopy as well as a series of model reactions 
employing p-cresol 16, which acts as the nucleophile. Soluble, branched, poly 
(arylene ether)s, with controlled degrees of branching were prepared by performing 
the polycondensation reactions at higher temperatures with 1 leading to relatively 
higher DB values than 2. The glass transition, Tg and thermal stability of the soluble 
polymers increased as the degree of branching increased. Tg ranged from 126 
o
C to 
177 
o
C, while 5% weight loss temperatures ranged from 372 
o
C to 514 
o
C under 
nitrogen and from 229 
o
C to 510 
o
C in air. 
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1 
 
Introduction 
 
 
There is an ongoing effort to synthesize a variety of well defined polymer 
architectures. One class of the latter is the dendritic polymers also known as 
dendrimers. Dendrimers are highly branched polymers with tree like branching 
having an overall spherical or ellipsoidal shape as shown in figure 1.
1,2
 Dendrimers 
possess a number of interesting and useful properties including 1) excellent solubility 
2) a large number of readily modifiable end groups, and 3) low viscosities due to lack 
of chain entanglements. A variety of dendritic structures have been explored for use 
as carrier molecules for drug delivery, gene therapy vectors, catalysis and sensors.
3
 
                       
                    Figure 1: Generic structure of a dendritic polymer 
 
 
 
 
 
 
2 
 
1.1 Dendrimers 
 
Dendrimers have branched monomer units which grow from a central core.
4
 They are 
monodisperse and usually highly symmetric compounds. Due to their unique 
behavior they have a wide range of applications in the biomedical and industrial 
areas. They were first discovered in the early 80’s by Donald Tomalia and coworkers. 
They can be synthesized by two methods known as the divergent and convergent 
methods. 
 
1.2 Divergent method 
 
 
In the divergent method the dendrimer grows outwards from a multifunctional core 
molecule.
3 
Divergent polymer synthesis can be well understood by the synthesis of 
ethyleneimine (PEI), as shown in Scheme 1. The latter is synthesized from an 
ethylenediamine (EDA) core which is alkylated initially via Michael addition
4
. It 
further gets aminated by the reaction with pthalimide and hydrazine chloride by the 
Gabriel amine method. These steps repeat to produce a third generation polymer 
synthesized by a divergent approach, i.e the polymer grows from a multifunctional 
core, outwards. The resulting PEI’s could exhibit the properties of pH-dependent 
luminescence and they have applications towards gene delivery systems, as efficient 
drug carrying polymers. 
3 
 
V inyl Bromide in Methanol, stir
pthalimide  in DMF, reflux
H ydraz ine  chloride, re flux
NH2H2N
MeOH
N N
DMF
N
O
O
H
N N
Br
Br
BrBr
Br
N
OO
N
OO
N
O O
N
O O
NH2NH 24HCl
N N
NH2
NH2
NH2
NH2
NN
N
NN
N
N
N
N N
N
N
N
N
NH 2
N H2
NH 2 N H2 NH2
NH2
NH2
NH2
NH2
N H2
NH 2
N H2N H2
NH2
N H2
NH 2
 
Scheme 1: Synthesis of PEI (polyethyleneimine) by divergent method.
4
 
 
4 
 
However, this method can be plagued by side reactions and also incomplete reaction 
of the end groups, leading to structural defects. In order to limit side reactions and to 
force the reaction to completion, a large excess of reagent is typically used, which in 
turn often results in some difficulty during the purification of the final product. 
1.3 Convergent method 
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Scheme 2: Generic steps for constructing a dendritic polymer via the convergent 
method. 
In the convergent method the dendrimer is also grown in a step-wise manner, but 
starting from the end groups and progressing inwards to form what are known as 
dendritic “wedges”.
5
 Later these “wedges” are attached to a multifunctional core 
molecule resulting in the final dendritic structure. A generic scheme with the 
synthesis of the dendritic polymer by the convergent method is shown in Scheme 2.  
Since there are a small number of reactions occurring at each step it is easier to purify 
5 
 
the desired product and there is a minimal occurrence of defects in the final product.  
However, the reaction of “wedges” and the core molecules is limited due to steric 
problems and hence, this method does not allow for the formation of high generations 
(high MW). 
The synthesis of dendrimers involves multi step procedures and intermediate 
purification steps, hence their use is limited to high value added products. They have 
low viscosity and are easy to process. They contain a large number of end groups 
which can be used in various applications. However a large number of end groups 
leads to less chain entanglement and hence dendrimers have poor mechanical 
properties.  
1.4 Linear polymers 
 
 
Linear polymers are long chain polymers without any kind of branching or cross 
linkages. These long chains are held by covalent bonds and hence can pack together 
and intertwine among themselves in a process called chain entanglement. This 
property of linear polymers provides good mechanical properties to the polymer and 
also can be applied to cast strong films. They have good physical properties and can 
be used as thermoplastics, but they can also be highly viscous due to chain 
entanglements and hence somewhat difficult to process. 
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1.5 Hyperbranched polymers 
 
 
The first synthesis of a hyperbranched structure was carried out by the reaction of 
glycerol with pthalic anhydride and it was realized only 10 years later that its 
synthesis afforded a resinous product with a “three dimensional complexity”. Since 
then many hyperbranched structures were synthesized from more elaborate building 
blocks.  
The properties of hyperbranched polymers
6-11
 are unique and lie in between linear 
polymers and dendrimers. They are less branched when compared to the perfectly 
branched dendrimers, and more branched when compared to the completely linear 
polymers. They have large number of end groups, lower viscosity values along with 
very good solubility characteristics. Figure 2 shows the variation of viscosity of 
linear, hyperbranched and dendrimer systems with the change in molecular weight
12
. 
In linear polymers the viscosity increases with an increase in the MW until it reaches 
a critical point of entanglement (Mc) at which the viscosity raises rapidly with an 
increase in the MW. In dendrimers, the viscosity rises to a maximum, and later 
decreases with an increase in the MW. Whereas in hyperbranched polymers the 
viscosity lies in between linear and dendrimers and it rises constantly with the 
increase in the MW. 
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        Log     Mc 
          
 
 
  Log MW  
Figure 2: Relationship between intrinsic viscosity [] and molecular weight (MW) of 
linear, hyperbranched and dendrimers. 
 
The intrinsic viscosity is defined by the shape factor () and its relationship with the 
MW can be represented by the Mark-Houwink equation
13 
[] = KM
                                                                                                                           
Equation 1.
 
Here K is a constant for a particular polymer-solvent pair at a particular temperature 
and M is the viscosity average MW for a randomly coiled linear polymer. For a 
randomly coiled linear polymer  ranges between 0.5-1.0 and =2 for rigid-rod 
polymers. For a hyperbranched polymer  < 0.5.  value increases with the chain 
entanglements.
 
 Hyperbranched polymers can be synthesized by a one pot method unlike the 
synthesis of dendrimers which involves multiple steps. But this set of attractive 
properties are accompanied by very poor mechanical properties.  In order to achieve 
Linear 
Hyperbranched 
Dendrimer 
8 
 
the delicate balance between the advantages of branched systems and the mechanical 
properties exhibited by linear systems a number of approaches have been developed. 
Among them is the variation of degree of branching by which the mechanical 
properties can be tuned. The variation of the DB and the mechanical properties of the 
linear, branched and hyperbranched polymers are shown in Figure 3. 
 
 
Mechanical properties 
 
 
                Branching 
Figure 3: Relationship between mechanical properties and branching for linear, 
hyperbranched and dendritic polymers. 
Degree of Branching: 
Hyperbranched polymers contain three kinds of units or fragments i.e endgroup, 
linear and dendritic units as shown in Figure 4. Endgroups are units which appear at 
the end of the polymer chains and hence are not branched. Linear units are long 
chains without any branching. Dendritic units are branched chains. 
Linear 
Hyperbranched 
Dendritic 
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Linear unit
Terminal unit
Dendritic unit
 
Figure 4: Generic structure of a hyperbranched polymer. 
The DB for a perfect dendrimer is 1 and for a linear polymer it is 0. Hyperbranched 
polymers have a DB in between linear and dendritic systems as they are not 
completely branched nor completely linear. They contain both linear and dendritic 
units. 
The degree of branching, DB, is the factor by which the properties of hyperbranched 
polymers could be tuned. i.e by varying the percentage of linear and dendritic 
fragments present in the hyperbranched polymers, the DB varies. 
The estimation of  DB was first introduced by Frechet et al.
14
 in 1991, which 
compares the sum of dendritic (D) and Terminal (T) repeat units to the total sum of 
repeating units in the polymer as shown in Equation 2. Here L represent the number 
of linear units. 
 
DB % =  D + T/ D + T + L * 100.                                                                Equation 2. 
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But this equation does not provide the appropriate DB for small molecules since it 
overestimates the terminal units for lower MW systems. A more recent definition 
given by Frey et al
15
 and represented by the Equation 3, does not include the terminal 
units and therefore is said to be more accurate with the lower MW polymers than 
Equation 2.  
DB % =  2D /2 D + L * 100.                                                                       Equation 3. 
For a typical AB2 system, the statistical analysis performed by Frey et al predicts the 
DB as 0.5  where the ratio of dendritic to linear to terminal units is approximately 
1:2:1. 
Different synthetic routes for a hyperbranched polymer include ABn
16
, AB2+AB
17
, 
ABB’
18
, A2+B3
19
. Generic representations of these synthetic routes are shown in the 
Scheme 3. 
A A +
B
B
AA B
B
B
A
B
B'
+ A
B
B'
A
B
B'
A
B'
B
A B + A
B
B
BA A
B
B
B
A
B
B
1)
2)
3)
4)
 
Scheme 3: Different synthetic routes for hyperbranched polymers 1) ABn 2) AB/ABn 
3) A2 + B3 4) ABB’. 
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1.6 AB2 polymerization 
 
 
The AB2 method of polycondensation to prepare hyperbranched polymers is the most 
classic synthetic approach.  An AB2 system has two functional groups A and B. Here 
A and B have different reactivities and A can react only with B and vice versa.  
The first hyperbranched polymer, via an AB2 approach, was prepared by Kim and 
Webster
20 
in 1991.  The AB2 monomers, phenyl grignard compounds, were 
polymerized by Pd (0) catalyzed boronic acid coupling and Ni (II) catalyzed 
coupling.  
 A one pot synthesis of hyperbranched poly (arylene ether amide)s by an AB2 
approach and NAS  was carried out by Insik In and Sang Youl Kim
21
, where the 
incorporation of the amide linkage as an activating group and the effect of the end 
groups have been studied. The synthetic scheme developed by them to synthesize the 
polymer by an AB2 approach is shown in Figure 5. Here the AB2 monomer was 
synthesized from 3, 5-diamino-N-(hydroxyphenyl) benzamide and 4-fluorobenzoyl 
chloride. The resulting polymers had a DB of 0.43-0.53 and high thermal stability 
properties. 
N H
C
O
N
H
O H
F
K2 CO 3
NM P/Tolue ne
C
O
F C
O
N H
NH
C
O
N
H
O C
O
F
C
O
NH
AB
2
 m ono mer
F
H
 
 
Figure 5: Example of an AB2 monomer
 
synthesized by Insik et al. 
The drawback with these AB2 systems is that the degree of branching of the polymers 
cannot be controlled and they are difficult to find commercially.  
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1.7 AB/ABn polymerization 
 
 
The copolymerization of AB and ABn type monomers leads to branched systems with 
greatly improved physical properties. DB in AB/ABn systems as well as ABm/ABn 
systems has been extensively studied by H.Frey and et al
22
. They carried out one pot 
copolycondensation polymerization for AB2 and AB3 monomers with AB monomers 
and also the copolymerization of ABm monomers with the ABn monomers (m ≠ n).  
The fraction of ABn monomer used in copolymerization is seen to affect the degree 
of branching in these systems. Hence, by varying the amount of ABn monomer, 
hyperbranched polymers with varied chain lengths between the branching units could 
be synthesized. 
They were able to derive equations for the DB as well as an additional parameter 
called the ANB (Average Number of Branches deviating from the linear direction per 
non-terminal monomer unit) for copolymer of AB and ABn systems and also the 
copolycondensation of ABn and ABm systems. Their calculations take into 
consideration the steric and volume effects.  ANB is considered to be 0 for a linear 
polymer and (m-1) for a perfectly branched ABm-based dendrimer. 
Fossum and Tan
3
 synthesized poly (arylene ketone) copolymers with a series of 
triarylphosphine oxides as ABn monomer and 4-fluoro-4’-hydroxybenzophenone as 
an AB monomer as shown in Figure 6. The copolymers exhibited a very good 
thermo-oxidative stability and it was also observed that the crystallinity of the 
samples decreased with an increase in the amount of ABn monomer.  
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C
O
OHF P
O
OH
F
F
F
F
F
FAB Monomer
ABn Monomer  
Figure 6: Example of AB/ABn monomers
23 
synthesized by Fossum et al. 
AB+ABn systems shown in Figure 6 were studied by Jikei et al. to synthesize 
polyamides
24
 by two step wise polymerization methods. 1) slow addition of AB2 
monomer, 2) slow addition of the AB monomer and a one pot polymerization 
method. 
Slow AB2 addition resulted in more dendritic units over the slow addition of AB 
monomers, where the AB2 are the terminal units and hence allows for more 
branching. The resulting viscosity is 0.35 dL/g. Here more dendritic units reduce the 
viscosity of the polymer. Slow addition of AB monomer resulted in more linear units 
in the polymers due to the availability of only single B units. The resulting polymer 
had a viscosity of 0.4kL/g. Hence more AB monomers incorporated resulted in more 
linear chains and bestowed more chain entanglement within the polymer with high 
viscosity. The one pot copolymerization of AB and AB2 monomers had a higher 
viscosity than the slow addition reactions. The AB and ABn monomer used by Jikei 
et al is shown in Figure 7. 
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COOH H2N
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O
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COOH
AB Monomer
ABn Monomer  
Figure 7: AB+ABn monomers used for the synthesis of poly amides by Jikei et al.
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1.8 ABB’ polymerization 
 
In an ABB’ system, the reactivity of B and B’ are different. Here also A can react 
only with B functional groups and vice versa. At lower temperatures mostly linear 
polymer is formed if B is more reactive than B’. At higher temperatures, more 
branching can take place since the B functional groups become more competitive. 
Polymerization of ABB’ monomers, was first explored by Jikei and afforded poly 
(amide)s
25
 with varying DB depending on the polymerization conditions. 
Jikei et al used 4-(2, 4-diaminophenoxy) benzoic acid as ABB’ monomer as shown in 
Figure 8, to synthesize hyperbranched polyamides with amino end groups. The 
resulting polymers possessed viscosity values which ranged from 0.31 dL/g to 0.73 
dL/g. The higher branching stuctures had lower chain entanglements, which bestowed 
good mechanical properties; hence these polymers could provide better, intact films 
and also had higher tensile strength. 
HOOC O
ABB' Monomer
NH2
H2N
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Figure 8: Example of an ABB’ monomer used by Jikei et al to synthesize 
polyamides.  
Using the ABB’ and AB+AB2 method, the DB can be easily controlled but the 
monomers are not typically commercially available. The latter also do not have 
defined placement of branched points and also their synthesis involves multiple steps.  
 
1.9 A2+B3 polymerization 
 
 
In an A2+B3 system, an A2 monomer has two functional groups and B3 has three 
functional groups. Initially the A functional group reacts with a B functional group 
resulting in an AB2 monomer. Later the AB2 monomers react to give hyperbranched 
polymers. However this is an ideal case. A number of hyperbranched polymers, such 
as polyamide, polyimides, polyethers, polyurethanes, polyesters and polyaniline 
derivatives have been successfully prepared using the A2+B3 method. 
In these systems, the monomers are often available commercially. They can be better 
systems compared to the AB2 systems. The reactivity of different functional groups 
can also vary and hence can result in hyperbranched polymers with varied properties. 
But the drawback with these systems is gelation. The point at which the gelation 
occurs can be predicted by applying the equation given by Flory
26
 in his published 
work in 1941: α = pa
2
/r      r=B/A      Equation 4.  
Where α is the branching coefficient and pa is the conversion of A functional groups, r 
is the ratio of A to B groups. With a 1:1 ratio of A and B functional groups, pa = 0.72. 
This indicates that the gelation can occur at the point where 72% of the A functional 
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groups have reacted. Whereas with 1:1 molar ratio of A2+B3 pa = 0.85, i.e gelation 
results after around 85% conversion of the A functional groups.  
However, Flory’s equation can only be applied when 1) all functional groups have 
equal reactivity throughout the polymerization, 2) A functional groups could only 
react with the B functional groups, and 3) there is no intramolecular cyclization.  
 An unequal reactivity of the B functional groups can avoid the point of 
gelation, as predicted by Flory. The reactivity of the B3 monomer can also be of two 
kinds i.e either BB2’ or BB’B”.  An BB2’ system has a B functional group and two B’ 
functional groups. Initially BB2’ reacts with an A2 group and results in an 
AB2’system. Here both B and B2’ groups can react only with A, but B is more 
reactive than B’ functional groups and hence results in formation of the AB2’ dimer. 
Further polymerization of the dimers leads to hyperbranched polymer.   
 Hyperbranched polyurethanes were prepared by Chen Aifang et al
27 
by an 
oligomeric A2+ bB2 approach, from isocyanate end capped poly(1,4-butylene adipate 
glycol) PB(A2 monomer) and diethanolamine (bB2 monomer) as shown in Figure 9. 
The resulting polymers had good adhesive properties and have a potential application 
in the field of hot melt adhesives. 
A2 Oligomer bB2 monomer
HN
OH
OH
NCOOCN
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Figure 9: Example of oligomeric A2+ bB2 monomer synthesized by Chen Aifang et 
al.   
In an A2+ BB’B” approach, initially A2 reacts with a BB’B” group to give an AB’B” 
dimer. Later, at lower temperatures, B’ group alone reacts, resulting in a linear 
polymer. At higher temperature conditions, the lower reactivity of the second B group 
is overcome, which allows for branching of the polymer.  
Kun-Li Wang and et al
28 
have synthesized polyamides with triamine (BB’B”) and 
dicarboxylic acids (A2) as shown in Figure 10, in the presence of (2, 3-dihydro-2-
thioxo-3-benzoxazoyl) phosphonic acid diphenyl ester (DBOP) as a condensing agent 
with a low DB of 0.05 and an inherent viscosity of 0.4 – 0.42 dL-g
-1
.  The thermal 
properties of the polymers were affected by the end group modification of amino 
terminal groups with acetyl chloride, benzoyl chloride and pthalic anhydride.  
COOHHOOC H2N O
BB'B" Monomer
NH2
H2N
A2 Monomer  
Figure 10: A2 + BB’B” monomers utilized by Kun-Li Wang and et al. for synthesis 
of polyamides.
28
   
1.10 Nucleophillic Aromatic Substitution (NAS) 
 
Synthesis of poly (arylene ether)s, which are high performance engineering plastics, 
has been reported previously by NAS reactions. The mechanism by which these 
reactions take place usually involves two steps. The mechanism of NAS is shown in 
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Figure 11. The first step is the rate determining step where the nucleophile attacks 
the ipso carbon which is electropositive due to strong electron withdrawing groups 
like sulfonyl, carbonyl or phosphoryl groups to forms a stable anionic intermediate 
called a Meisenheimer complex. The second step is the loss of the aryl halide group 
which re-establishes aromaticity in the compound. In principal, a sufficiently strong 
electron-withdrawing group located in the meta position should allow NAS reactions 
to occur.  
x
F
Nu
x
Nu
x
Nu
F
Meisenheimer Complex
x = SO2 / CO
F
 
Figure 11: BB’B” monomer under NAS conditions. 
Previous studies on the meta substitution for the synthesis of poly arylene(ether)s 
have been reported. The monomers used are shown in the Figure 12. Kim et 
al.
29
studied the meta activated nitro and fluoro compounds 4’-hydroxy-3-
trifluoromethyl-4-nitrobiphenyl, 4 and 4’-hydroxy-3-trifluoromethyl-4-
fluorobiphenyl, 5 and observed that both fluoro and nitro groups had the same 
reactivity in NAS reactions. However nitro was a better leaving group and hence the 
nitro displacement reactions activated by the perfluoroalkyl groups at the meta 
positions were used for polymer synthesis, which provided relatively high molecular 
weight linear polymers. Related studies were also done on 4-hydroxy-3’, 5’ 
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difluorobenzophenone, 6 by Hawker and Chu
30
, and the 4-hydroxy-3’, 5’-
difluorophenylsulfone, 7 by Fossum et al.
31,32
 Both monomers resulted in 
hyperbranched polymers with the substitution via hydroxyl group in the para position 
of the fluorine groups in the meta positions which resulted in branching units. The 
studies on 3, 5-difluoro benzophenone, 8 by Fossum et al and 3, 5-difluorophenyl 
sulfone, 9 by Kaiti et al
33 
resulted in the synthesis of high molecular weight linear 
PAEs by the meta fluorine substitution. 
C O
F F
OH
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F F
OH
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O
F F
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F F
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4 6 7
8 9
 
Figure 12: Aryl fluoride monomers with electron withdrawing groups in meta 
position. 
 
1.11 Current Project 
 
Hyperbranched poly (arylene ether sulfone)s and poly (arylene ether ketone)s were 
prepared using the BB’B” monomers 4,3’,5’-trifluorophenyl sulfone, 1 and 4,3’,5’-
trifluoro benzophenone 2, via an A2+B3 approach under NAS conditions. The A2 
monomer used in this study is the commercially available 4, 4'-dihydroxybiphenyl 3. 
It was anticipated that the B3 monomers would act as BB’B” type systems. Here, the 
sulfonyl and carbonyl groups act as strongly electron withdrawing groups and hence 
activate the para position by resonance and inductive effects and the meta positions 
by only inductive effect.  
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 The effect of reactivities of the BB’B” monomer, the A : B ratio, solvent, 
concentration, temperature, geometry on the final molecular weight, polydispersity 
and degree of  branching were studied and compared for the two classes of polymers. 
The reactivity of electrophilic sites of BB’B” monomers were studied by carrying out 
model reactions and development of the branching structures was studied by 
1
H, 
13
C, 
19
F-NMR spectroscopic methods.  
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Scheme 4:  Scheme for polymerization reactions by an NAS A2+B3 approach. 
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2 Experimental 
 
Materials 
All reactions were performed under a nitrogen atmosphere and all transfers were done 
using syringes or canula as necessary. Tetrahydrofuran, THF, was dried over sodium 
metal and distilled prior to use. Toluene was dried over and distilled from sodium 
metal prior to use. N-methylpyrrolidinone, NMP and Dimethyl sulfoxide, DMSO 
were dried over CaH2 and distilled under nitrogen prior to use. Powdered K2CO3 was 
dried at 130 °C in an oven prior to use. 4, 4’ Bisphenol was purchased from TCI and 
recrystallized from toluene. 4-Fluorobenzenesulfonyl chloride, 1-Bromo-3, 5-
difluorobenzene and 3, 5-difluorobenzoic acid were purchased from Oakwood 
Products and used as received. Fluorobenzene was purchased and used as received 
from Sigma-Aldrich.  
2.1 Instrumentation 
 
1
H and 
13
C NMR spectra were acquired using a Bruker AVANCE 300 MHz 
instrument operating at 300 and 75.5 MHz, respectively. Samples were dissolved in 
CDCl3. 
19
F NMR spectra were obtained using a Bruker AVANCE 400 MHz 
instrument operating at 376.5 MHz using 10% CFCl3 as an external standard with the 
instrument set relative to the lock signal. Samples were dissolved in DMSO-d6. SEC 
analyses were performed using a Viscotek model 300 TDA system equipped with 
refractive index, viscosity, and light scattering detectors operating at 70 °C. Two 
Polymer Laboratories 5 µm PL gel columns (guard column and two mixed D 
columns) were used with NMP (with 0.5% LiBr) as the eluent and a 
Thermoseparation model P1000 pump operating at 0.8mL/minute. Polymer molecular 
weights were calculated from the RI signal and are reported relative to polystyrene 
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standards. DSC and TGA analyses were performed under nitrogen and air 
atmospheres on a TA Instruments Q200 DSC and a TA Instruments Q500 TGA, 
respectively, at a heating rate of 10 °C/min. The GC/MS instrument used was a HP 
6890 Series GC with auto injection, PH 5973 mass selective detector/quadrapole 
system. The column was a HP-5MS capillary 30m*250µm*0.25µm, 5% phenyl 
methyl siloxane (325 C max.). The flow rate was 1mL/min, 6.7 psi with helium as the 
carrier gas. The injector was a 1 µL sample volume. Melting points were determined 
using a Mel-Temp instrument and are uncorrected. 
2.2 Synthesis of 4, 3’, 5’-trifluorophenyl sulfone, 1. 
 
In a 250 mL three necked round-bottomed flask equipped with nitrogen inlet, outlet 
and water condenser, were placed 2.52 g (0.105 mol) of magnesium turnings and 20 
mL of freshly distilled THF. A solution of 19.3 g (0.100 mol) of 1-bromo-3, 5-
difluorobenzene in 100 mL of freshly distilled THF was slowly added to the flask.  
The resulting mixture was kept at a gentle reflux during addition. The mixture was 
stirred for 1 hour after addition, then heated in water bath to gentle reflux and held for 
2 hours. Then the solution was cooled to room temperature and transferred slowly 
into a flask containing 19.4 g (0.100 mol) 4-fluorobenzesulfonyl chloride dissolved in 
100 mL of freshly distilled THF in an ice bath. The mixture was allowed to warm to 
room temperature over night and then heated to reflux in a water bath and held for 2 
hours. The mixture was allowed to cool to r.t and poured into 500 mL of distilled 
water containing 10 mL of concentrated HCl. The organic layer was separated and the 
aqueous layer was extracted with ether (150 mL) three times. The organic layers were 
combined and washed with DI-water, dilute HCl solution, 2% sodium bicarbonate 
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solution, and DI-water. The organic layer was dried over magnesium sulfate and 
evaporated to dryness using a rotary evaporator followed by drying in vacuo. The 
crude product was recrystallized first from ethanol/water solution and then from 
hexanes to afford 10.9 grams (40% yield) of 1 as white crystals with a mp of 102-104 
o
C. 
1
H NMR (CDCl3, δ):  6.94-7.03 (tt, 1 H); 7.15-7.24(t, 2 H); 7.40-7.45 (d, 2 H); 
7.90-7.98 (dd, 2H).
13
C NMR (CDCl3, δ):  109.21 (t), 111.37 (dd), 117.21 (d), 131.07 
(d), 136.5 (d), 145.12 (t), 161.47 (d), 164.40 (s), 164.86 (d), 167.8 (s). 
19
F NMR 
(DMSO-d6, δ): para-F: -104.6, meta-F’s: -106.3. 
2.3 Synthesis of 4, 3’, 5’-trifluoro benzophenone, 2. 
 
In a 50 mL R.B flask equipped with nitrogen inlet, outlet and water condenser, were 
placed 3.00 g (0.0189 mol) of 3, 5-difluorobenzoic acid and 5 mL of SOCl2. 2 drops 
of DMF were added and the reaction was stirred overnight to form 3, 5-
difluorobenzoyl chloride formation. In a 100 mL 3-neck R.B flask were placed 5.6 g 
(0.042 mol) of AlCl3 and 10 mL of fluorobenzene. It was connected to the addition 
funnel, condenser and anhydrous CaCl2 trap. The acid chloride was taken in an 
addition funnel and dissolved in 8.00 mL of fluorobenzene and the resulting mixture 
added slowly over 1 hour at 0 °C. Later the temperature was raised to 80 °C and the 
reaction was maintained with stirring for another 3.5 hours. The reaction was then 
cooled and quenched with 10% HCl. The organic layer was separated and the 
aqueous layer was extracted with ethyl acetate (75 mL). The organic layers were 
combined and washed twice with DI water, 10% HCl acid and DI water. The organic 
layer was dried over magnesium sulfate and evaporated to dryness using a rotary 
evaporator followed by drying in vacuo. The crude product was recrystallized first 
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from ethanol/water solution and then from hexanes to afford 1.2 g (27 %) of the 
desired compound as a white crystalline solid with a m.p of 58-60 °C.  
1
H NMR (CDCl3, δ):  6.97-7.06 (tt, 1 H); 7.11-7.19(t, 2 H); 7.21-7.26 (d, 2 H); 
7.77-7.83 (dd, 2H). 
13
C NMR (CDCl3, δ):  107.98 (t), 112.9 (dd), 116.08 (d), 
132.87(d), 140.65 (t), 161.30 (d), 164.32 (s), 164.63 (d), 167.67 (s). 
19
F NMR 
(DMSO-d6, δ) para-F: -106.2, meta-F’s: - 109.2. 
2.4 General Procedures for model reactions 
 
2.4.1 Synthesis of mono-substituted model compound of 1 and 16 without azeotropic 
drying 
 
In a 25 mL RB flask equipped with a nitrogen inlet, an outlet and a water condenser, 
were placed 0.136 g (0.5 mmol) of 1, 0.054 g (0.5 mmol) of 16, 0.17 g of K2CO3 
(1.125 mmol) and 1.5 mL of NMP. The reaction mixture was heated 50 °C and 
maintained there for 24 hours. After 24 hours, the reaction mixture was cooled and 
precipitated with 10% HCl acidic water, filtered and dried under vacuum. A light 
yellow precipitate with a yield of 90 % was obtained. 
 
1
H NMR (CDCl3, δ): 6.87-6.91 (tt, 1 H); 6.94-7.00(t, 2 H); 7.14-7.18 (d, 2 H); 7.78 
-7.83 (d, 2H).
 13
C NMR (CDCl3, δ):  108.88 (t), 110.81 (dd), 117.55 (d), 120.35 (d), 
130.68 (d), 133.1 (s), 135.4 (s), 145.7 (s), 152.7 (s), 161.32 (d), 163.34 (s), 164.71 
(d).
 19
F NMR (DMSO-d6, δ): -104.6 para-F (Fa), -106.2 meta-F (Fb) – mono-
substitution;  -106.4 meta-F’s (Fb’)  – mono-substitution;  -104.8 para-F (Fa”)  , -107.6 
meta-F (Fb”)  – mono-substitution; -107.8 meta-F (Fb’”) – di-substitution. 
2.4.2 Synthesis of di-substituted model compound of 1 and 16 with azeotropic drying  
In a 25 mL R.B. flask equipped with a nitrogen inlet, an outlet and a water condenser, 
were placed 0.136 g (0.5 mmol) of 1 , 0.108 g (1 mmol) of 16, 0.346 g (0.17 mmol) 
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of K2CO3, 1.5 mL of NMP and 1.5 mL of toluene. A dean stark trap filled with 
toluene and connected to a condenser was attached to the R.B flask. The temperature 
was maintained at 145 °C and the reaction mixture was azeotropically dried for 3 
hours. Later, the toluene was removed from the Dean Stark trap and temperature was 
raised to 165 °C and maintained for another 21 hours. After 21 hours, the reaction 
mixture was cooled and precipitated with 10% HCl, filtered and dried under vacuum. 
A light yellow precipitate with a yield of 87% was obtained. 
 
1
H NMR (CDCl3, δ): 6.72-6.78 (tt, 1 H); 6.89-7.02(m, 2 H); 7.16-7.22 (d, 2 H); 7.79 
-7.85 (d, 2H). 
13
C NMR (CDCl3, δ):   108.85 (dd), 112.28 (d), 117.81 (s), 120.52 (d), 
130.68 (d), 133.84 (s), 135.33 (s), 145.11 (d), 152.56 (d), 160.58 (d), 161.70 (s), 
163.13 (s), 165.06 (s).
 
 
19
F NMR (DMSO-d6, δ): -107.8. 
 
2.4.3 Synthesis of di-substituted model compound of 1 and 16 without azeotropic 
drying  
In a 25 mL R.B. flask equipped with a nitrogen inlet, an outlet and a water condenser, 
were placed 0.136 g (0.5 mmol) 1, 0.216 g (1 mmol) of 16, 0.346 g (0.17 mmol) of 
K2CO3, and 1.5 mL of NMP. The temperature was raised to 165 °C and maintained 
for 24hours. After 24 hours, the reaction mixture was cooled and precipitated with 10 
% HCl, filtered and dried under vaccum. A white precipitate with a yield of 57 % was 
obtained. 
1
H NMR (CDCl3, δ):  6.72-6.78 (tt, 1 H); 6.89-7.02(m, 2 H); 7.16-7.22 (d, 2 H); 7.79 
-7.85 (d, 2H). 
13
C NMR (CDCl3, δ):  108.85 (dd), 112.28 (d), 117.81 (s), 120.52 (d), 
130.68 (d), 133.84 (s), 135.33 (s), 145.11 (d), 152.56 (d), 160.58 (d), 161.70 (s), 
163.13 (s), 165.06 (s).
 
 
19
F NMR (DMSO-d6, δ): 
 -107.8. 
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2.4.4 Synthesis of tri-substituted model compound of 1 and 16 without azeotropic 
conditions 
 
In a 25 mL R.B. flask equipped with a nitrogen inlet, an outlet and a water condenser, 
were placed 0.136 g (0.5 mmol) of 1, 0.27 g (2.5 mmol) of 16, 0.346 g (0.17 mmol) 
of K2CO3 and 1.5 mL of NMP. The temperature was maintained at 180 °C for 24 
hours. Later the reaction mixture was cooled and precipitated with 10% HCl, filtered 
and dried under vaccum. A light brown precipitate with a yield of 86% was obtained.  
1
H NMR (CDCl3, δ):  6.69- 6.72 (t, 1 H); 6.86-7.00(m, 2 H); 7.12-7.27 (m, 2 H); 7.75-
7.80 (d, 2H). 
13
C NMR (CDCl3, δ):  110.47 (s), 111.49 (s), 117.64 (s), 119.90 (s), 120.58 
(s), 130.20 (s), 130.87 (d), 134.64 (t), 144.63 (s), 152.58 (s), 153 (d), 160.12 (s), 162.25 
(s). 
2.4.5 Synthesis of mono-substituted model compound of 2 and 16 without azeotropic 
drying 
 
 In a 25 mL R.B. flask equipped with a nitrogen inlet, an outlet and a water 
condenser, were placed 0.118 g (0.5 mmol) of 2, 0.054 g (0.5 mmol) of 16, 0.346 g 
(0.17mmol) of K2CO3 and 1.5 mL of NMP. The temperature was raised to 80 °C. 
After 24 hours, the temperature was raised to 125 °C and maintained for another 24 
hrs. Later the reaction mixture was cooled and precipitated with 10 % HCl, filtered 
and dried under vacuum. A light brown precipitate with a yield of 91 % was obtained.   
1
H NMR (CDCl3, δ):  6.97-7.03 (tt, 1 H); 7.11-7.19(t, 2 H); 7.18-7.23 (d, 2 H); 7.76 
-7.81 (d, 2H). 
13
C NMR (CDCl3, δ):  107.49 (t), 112.83 (dd), 117.00 (s), 120.26 (d), 
130.66 (d), 132.61 (s), 134.81 (s), 141.28 (t), 152.96 (s), 161.17 (d), 162.96 (s), 
164.47 (d), 192.71 (t).
 
 
19
F NMR (DMSO-d6, δ): -109.21.  
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2.4.6 Synthesis of di-substituted model compound of 2 and 16 without azeotropic 
drying  
In a 25 mL R.B. flask equipped with a nitrogen inlet, an outlet and a water condenser, 
were placed 0.118 g (0.5 mmol) of 2, 0.108 g (1 mmol) of 16 and 0.346 g (0.17 
mmol) of K2CO3 and 1.5 mL of NMP. The temperature was maintained at 150 °C and 
the reaction mixture was heated for 24 hours. Later the reaction mixture was cooled 
and added to 10% HCl. It was later extracted with chloroform and the solvent was 
removed via rotary evaporation. A dark brown oily liquid was obtained before drying. 
It was dried under vacuum to obtain a dark brown viscous compound.   
1
H NMR (CDCl3, δ):  6.69-6.70 (dt, 1 H); 6.7- 6.74 (d), 6.81-6.89 (d, 2 H); 6.98-7.1 
(dt, 2 H); 7.64-7.69 (d 2H). 
13
C NMR (CDCl3, δ):  108.57 (d), 110.67 (d), 114.79 (s), 
116.89 (s), 120.19 (d), 130.67 (t), 132.5 (s), 134.4 (d), 140.8 (d), 153.16 (d), 159.58 
(d), 161.39 (s), 162.61 (s), 164.9 (s), 193.5 (d). 
19
F NMR (DMSO-d6, δ): -110.6. 
 
2.4.7 Synthesis of tri-substituted model compound of 2 and 16 without azeotropic 
drying 
 In a 25 mL R.B. flask equipped with nitrogen inlet, an outlet and a water condenser, 
were placed 0.118 g (0.5mmol) 2, 0.27 g (2.5 mmol) of 16, 0.17 g (1.125 mmol) of 
K2CO3 is taken and 1.5 mL of NMP was added under N2. The temperature was 
maintained at 180 °C for 24 hours. It was later extracted with chloroform and the 
solvent was removed via rotary evaporation. A dark brown oily liquid was obtained 
before drying. It was dried under vacuum to obtain a dark brown viscous compound.     
1
H NMR (CDCl3, δ):  6.68-6.92 (t, 1 H); 6.97-7.02(d, 2 H); 7.03-7.08 (d, 2 H); 7.62-
7.69 (d 2H). 13C NMR (CDCl3, δ):  111.48 (s), 113.4 (s), 116.83 (s), 119.92 (d), 130.63 (d), 
132.59 (s), 134.17 (d), 140.56 (s), 153.06 (s), 153.87 (s), 159.20 (s), 162.47 (s), 194.2 (s). 
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2.5 General procedures for polymerization reactions  
 
2.5.1 Typical polymerization for a 1:1 molar ratio of 1 and 3 with azeotropic drying 
 
In a 25 mL R.B flask equipped with a nitrogen inlet, an outlet and a water condenser, 
were placed 0.272 g (1 mmol) of 1, 0.186 g (1 mmol) of 3, 0.346 g (2.25 mmol) of 
K2CO3, 5 mL of NMP and 5 mL of toluene. A dean stark trap was filled with toluene 
and connected to condenser was attached to the R.B flask. The temperature was 
maintained at 145 °C and the reaction mixture was azeotropically dried for 3 hours. 
Later, the toluene was removed from the dean stark trap and the temperature was 
raised to 165 °C and maintained for another 21 hours. After 21 hours, the reaction 
mixture was cooled and precipitated with 10% HCl, filtered and dried under vacuum 
with a 89.3 % yield of 0.376 g. The dried compound was dissolved in THF and 
reprecipitated from methanol and dried under vacuum with a (42 %) yield of 0.28 g of 
a white solid. 
1
H NMR (CDCl3, δ):  6.82-6.88 (tt, 1 H); 7.06-7.14(t, 2 H); 7.53-7.61 (d, 2 H); 7.83-
7.89 (d, 2H). 
13
C NMR (CDCl3, δ):  109.71 (m), 112.93 (s), 118.12 (s), 120.80 (d), 
129.83 (d), 134.30 (s), 137.43 (s), 145.22 (d), 154.68 (d), 159.95 (d), 161.83 (s), 
162.61 (s), 165.16 (s). 
19
F NMR (DMSO-d6, δ): -106.5 (s) (terminal units), -107.4 (s) 
(linear units), -107.8 (s) (cyclics). 
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2.5.2 Typical polymerization for a 1:1 molar ratio of 2 and 3 without azeotropic 
drying 
 
In a 25 mL R.B. flask equipped with a nitrogen inlet, an outlet and a water condenser, 
were placed 0.118 g (0.05 mmol) of 2, 0.186 g (0.05 mmol) of 3, 0.17 g (1.125 mmol) 
of K2CO3  is taken and 1.5 mL of NMP. The temperature was raised to 150 °C and 
maintained for 24 hours. After 24 hours, the soluble reaction mixture was cooled and 
precipitated with 10% HCl, filtered and dried under vacuum with a yield (55.3 %) of 
a 0.213 g of brown solid. 
1
H NMR (CDCl3, δ):  6.79-6.87 (t, 1 H); 6.93- 7.15 (t), 7.43-7.53 (d, 2 H); 7.69-7.75 
(d, 2 H) 
13
C NMR (CDCl3, δ):  107.58 (t), 109.39 (d), 111.34 (d), 112.85 (d), 115.27 
(s), 117.57 (s), 120.41 (d), 128.81 (s), 131.35 (s), 132.57 (s), 136.91 (s), 140.84 (s), 
155.30 (d), 158.97 (d), 161.52 (s), 162.09 (s), 164.83 (s), 193.38 (t). 
19
F NMR 
(DMSO-d6, δ): -109.3 (s) (terminal units), -110.4 (s) (linear units), -110.36 (s) 
(cyclics).  
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3 Results and Discussion 
 
The main goal of the project was to utilize reaction temperature as a means to tune the 
degree of branching in poly (arylene ether)s prepared via the A2 + B3 approach. A 
schematic representation is shown in Scheme 5. It was anticipated that the reactivity 
differences of the electrophilic sites in two BB’B” systems, 4, 3’, 5’-trifluorophenyl 
sulfone, 1, and 4, 3’, 5’-trifluorobenzophenone 2, would provide a sufficient window 
to allow the synthesis of both completely linear polymers and materials with 
controlled levels of branching.  In turn the resulting polymers would possess a range 
of viscosity values and provide an avenue for the determination of somewhat elusive 
structure-property relationships. In addition to the effects of reaction temperature a 
variety of other parameters were varied including concentration, solvent, monomer 
geometry, ratio of A and B functional groups, and the lack of, or use of azeotropic 
drying. 
Temperature mediated branching by A2+B3 approach 
 
 
 
 
 
 
 
Scheme 5: Generic scheme to control degree of branching in A2+B3 system by 
change in temperature.  
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3.1 Reactivity of the electrophillic sites of monomers, 1 and 2. 
 
Reaction of the three electrophilic sites of the BB’B” monomers 1 and 2 could be 
tuned by varying the temperature parameter. It could be predicted as shown in Figure 
13. It is anticipated that the para-F of BB’B” monomer is more reactive than the 
meta-F. Hence at lower temperatures the para- F is the first to undergo reaction. At 
higher temperatures, one of the meta-F’s reacts and could substantially reduce the 
reactivity of another meta-F. As the temperature is raised the reactivity of the other 
meta-F could be enhanced and thus allowing for branching in these systems.  
 
x
FF
F
 
 
Figure 13: BB’B” monomers for temperature mediated branching in an A2 + B3 
approach. 
Two initially equal reactive B’ sites, a potential 
B” after the first B’ is reacted 
Most reactive site for NAS 
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3.2 Comparison of the reactivity of 1, 2 and a series of B2 monomers towards 
NAS reactions. 
 
Carter
36 
studied the
 
relative reactivity of the electrophilic sites, in many of the 
aromatic fluorides utilized in NAS polycondensation reactions, using 
13
C and 
19
F 
NMR spectroscopy.  It was proposed that the ipso carbons which have less electron 
density are more susceptible to be attacked by nucleophile in the NAS reactions and 
appear more downfield in both 
13
C and 
19
F NMR spectra.  
In this project, poly (arylene ether)s are synthesized by Nucleophillic Aromatic 
Substitution (NAS) reactions, where each of the electrophilic sites in the BB’B” 
structures has a different reactivity. These are substituted by the phenoxide of the A2 
monomer, 3, which acts as the nucleophile. The reactivity of the electrophillic sites of 
1,2 and their mono, di substitution products have been studied and compared with the 
13
C and 
19
F NMR chemical shift data of a selected series of aryl difluoride monomers 
and are  listed in Table 1. 
Table 1 indicates that the para-F of 4, 3’, 5’-trifluorophenyl sulfone, 1 at -104.6 ppm, 
is downfield when compared with most of B2 monomers in the table and 4, 3’, 5’-
trifluorobenzophenone, 2 hence could be easily susceptible for NAS reaction 
compared with the rest. The 
13
C NMR peaks also indicate the same. The electron 
withdrawing groups like the sulfone (-SO2) and the ketone (-C=O) groups of 1 and 2 
sufficiently activate the meta-F’s by inductive effects, also allowing for their 
substitution under NAS conditions.  
 
 
 
33 
 
Table 1: 
19
F and 
13
C NMR chemical shifts for 1, 2, 10a, 14 (mono-substituted), 11, 
15 (di-substituted) products and a series of B2 monomers
34 
that can undergo NAS. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Compound 19F Chemical Shifts 13C Chemical 
Shifts 
para-F meta-F para-
C-F 
meta 
C-F 
4,4’-difluorophenyl 
sulfone 
-104.08  165.31  
Bis(4-fluorophenyl) 
methanone  
-106.01  165.27  
Bis(4fluorophenyl)phenyl 
phosphine oxide  
-106.71  165.05  
2,3-diphenyl-6-
fluoroquinoxaline  
-107.81  164.8  
3,5difluorophenylsulfone -109.3  162.8  
3,5difluorobenzophenone -110.6  162.8  
4, 3’, 5’-trifluorophenyl 
sulfone, 1 
-104.6 -106.3 166.1 163.1 
4,3’,5-
trifluorobenzophenone, 2 
-106.3 -109.3 166.2 162.8 
mono-substituted  
4, 3’, 5’-trifluorophenyl 
sulfone 10a 
        - -106.3 164.2 161.4 
di-substituted 
 4, 3’, 5’-trifluorophenyl 
sulfone 11 
- -107.8 164.2 160.6 
mono-substituted  
4,3’,5’-
trifluorobenzophenone 14 
- -109.2 162.9 162.7 
di-substituted 4,3’,5’-
trifluorobenzophenone 15 
- -110.6 162.8 161.4 
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3.3 19F NMR analysis of 1 and 2 
 
The
 19
F NMR spectra for the BB’B” monomers 1 and 2 are shown in Figure 14. The 
para-F peak for 1 is at -104.6 ppm and meta-F’s peak is at -106.3 ppm. The para-F 
peak is more downfield indicating that its associated C atom is more electropositive 
and hence is more reactive towards NAS. Further the 
19
F NMR spectrum of the 
BB’B” monomer 2 shows a para-F peak at -106.3 ppm which is also downfield 
compared to the meta-F’s peak at -109.3 ppm. Here this proves that the reactivity of 
para-F is higher than the meta-F’s. 
 
Figure 14: 
19
F NMR spectra of a) BB’B” monomer, 1 b) BB’B” monomer, 2.
 
The peak for the meta-F’s of 4, 3’, 5’-trifluorophenyl sulfone, 1 is at -106.3 ppm. The 
peak for the para-F of 4, 3’, 5’-trifluorobenzophenone, 2 is also at -106.3 ppm. This 
indicates that the reactivity of the para-F of 2 is similar to that of meta-F’s of 1 and 
also that the reactivity of electrophillic sites of 1 are more compared to those of 2, 
towards NAS. 
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3.4 Model Reactions 
 
 
The reactivity of the electrophilic sites in the BB’B” monomers, 1 and 2 was probed 
by model reactions as shown in Schemes 6 and 7.  Reactions were carried out in 
NMP (or DMSO) solution with either 1 or 2 as the electrophile and p-cresol, 16, as 
the nucleophile. Some reactions utilized azeotropic drying with toluene while others 
were performed under non-azeotropic drying conditions. The reaction mixtures were 
held at different reaction temperatures and monitored by removing aliquots for 
GC/MS analysis. After completion, the reaction mixture was slowly poured into 10 % 
HCl and the resulting precipitate was isolated and dried under vacuum. The 
compounds were analyzed by 
1
H, 
13
C, and 
19
F
 
NMR spectroscopy and GC/MS in 
order to investigate the displacement of fluorine atoms by phenoxide.   
3.4.1  Model reactions with BB’B monomer, 1 
OO
FF
F
S OO
YF
F
S OO
FF
Y
S OO
YF
Y
S OO
YY
Y
1
10a
10b
11 12
Reaction Conditions:
Y = CH3O
S
16
K2CO3/NMP
p-cresol
 
Scheme 6: Experimental reactivity of electrophilic sites of 1 
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3.4.1 GC/MS results for model reactions with BB’B monomer, 1 
Table 2: GC/MS results summary of the model reactions of 1 at different reaction 
conditions. 
 
 
 
 
 
 
 
 
 
 
Reactions of 1 with p-cresol, 16 for 24 hours and at different temperature conditions 
were carried out and the results were analysed by GC/MS and tabulated as shown in 
Table 2. Reaction of 1 with one equivalent of p-cresol under azeotropic conditions at 
50 
o
C in NMP for 24 hours provided a mixture of 6.7 % 1, 65.37 % of 10a, 10.8 % 
10b and 17% of 11. Initially more of para-F i.e 65.37 % of 10a, is substituted which 
indicates that the para-F is more reactive. 10.8 % of 10b is formed, indicating that the 
meta-F is also substituted but less when compared to the para-F. 
16:1  Temp 
(°C) 
Time Solvent 1 % 10a % 10b % 11 %
 
12 
1:1 50 24 NMP 6.7 65.3 10.8 17 0 
2:1 150 24 NMP/ 
Toluene 
0 7.6 0 92.3 0.4 
2:1 165 24 NMP/ 
Toluene 
0 4.4 0 95.5 0.6 
2:1 180 24 NMP/ 
Toluene 
0 8.8 0 90.1 0.9 
2:1 150 24 DMSO/ 
Toluene 
0 1.5 0 95.7 2.64 
2:1 150 24 NMP 0 4.2 0 94.7 1.1 
2:1 165 24 NMP 0 0.1 0 96.9 3.7 
2:1 180 24 NMP 0 0.6 0 94.2 5.2 
2:1 200 7 NMP 0 0.4 0 94.6 4.9 
5:1 180 24 NMP 0 0 0 0 100 
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  Reaction with two equivalents of p-cresol 16, at 150 
o
C, under non-azeotropic 
drying conditions, provided 7.6 % of 10a and 92.3 % of 11 and 0.4% of 12. 
Formation of 92.3 % of 11 and 0.4% of 12 indicates that the substitution of one meta-
F substantially decreases the reactivity of another meta-F since if the two meta-F’s 
are of the same reactivity a statistical mixture would have resulted, but it did not.  
At a higher temperature i.e at 165 ºC, 4.4 % 10a 95.5 % 11 and a 0.6 % of tri-
substituted, 12, were formed. At 180 ºC, 8.8 % of 10a, 90.1 % of 11 and 0.9 % 12, 
were formed which indicate that at higher temperatures more of the third fluorine gets 
substituted.  
 Comparing the tri-substitution, between non-azeotropic and azeotropically 
dried models at a particular temperature, eg: at 165 ºC, 4.4 % 10a 95.5 % 11 and a 0.6 
% of tri-substituted, 12, were formed at azeotropic conditions and 0.5 % 10a 96.8 % 
11 and a 3.7 % of tri-substituted, 12, were formed under non-azeotropic conditions. 
At 180 ºC and under azeotropic conditions, 8.8 % of 10a, 90.1 % of 11 and 0.9 % 12, 
were formed and at 180 ºC and under non-azeotropic conditions, 180 ºC 0.6 % of 
10a, 94.2 % of 11 and 5.2 % 12, was formed which indicates that tri-substitution is 
more under non-azeotropic conditions. This also allows one to predict that more 
dendritic fragments could be formed under non-azeotropic conditions for the 
polymers. At 200 ºC and for 7 hours, the amount of tri-substitution is 4.9%, which is 
less compared to the 180 ºC and for 24 hrs i.e 5.2% since the amount of time varied 
but at higher temperature tri-substitution is formed at a faster rate. 
3.4.2 Model reactions for 2 
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Scheme 7: Experimental reactivity of electrophilic sites of 2. 
3.4.2.1 GC/MS results for model reactions with BB’B” monomer, 2 
 Fluorine displacement in 2 is similar to that of 1 and was probed via model 
reactions as shown in Scheme 7. The results were analysed by GC/MS and tabulated 
as shown in Table 3. Reaction of one equivalent of p-cresol, 16 with 2 at 80 
o
C in 
NMP, non-azeotropically, for 24 hours provided 22 % 2 and 77.7 % of mono-
substituted product, 13. This indicates that the para-F is initially substituted. For the 
same reaction at 125 
o
C and at 72 hours 95.09% of mono and 4.9% of di-substitution 
is seen which indicates that an increase in temperature allows for the substitution of 
one of the meta-F groups. 
 Reaction with two equivalents of p-cresol, 16 at 140 oC under non-azeotropic 
conditions, for 24 hours provided 23 % of 13 and 76 % of di-substituted product, 14. 
As the temperature was further increased to 150 ºC for 24 hours, approximately 3.3 % 
of 13, 94.7 % of 14, and 2.0 % of tri-substituted product, 15, were formed. This 
shows that the substitution of one meta-F substantially decreases the reactivity of 
another meta-F.  
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Table 3: GC/MS results summary of the model reactions of 2 at different reaction 
conditions 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
At a higher temperature and under non-azeotropic conditions, i.e at 165 ºC, 2.3 % 13, 
95.1 % 14 and a 2.6 % of tri-substituted, 15, was formed. At 180 ºC 6.3 % of 13, 90.8 
% of 14 and 2.9 % 15, were formed which indicates that at higher temperature more 
Ratio  
of  
16 and 2 
Temp
. (°C)  
 
Conc. 
(M) 
Time 
(Hrs) 
Solvent % 2 % 13 % 14 % 15 
1:1 80 0.3 24 NMP 22 77.7 - - 
 80  48  9.1 90.8  - 
 125  72  - 95.09 4.9  
1:1 100 0.3 24 NMP 20.16 79.98 - - 
   46  10.78 89.21 - - 
   72  0.6 99.4 - - 
2:1 140 0.3 12 NMP - 46.3 53.6 - 
   19  - 34.3 65.6 - 
   24  - 23 76 - 
2:1 150 0.3 24 NMP - 3.3 94.7 2.0 
2:1 165 0.3 24 NMP - 2.3 95.1 2.6 
2:1 165 0.3 24 NMP/ 
Toluen
e 
- 4.97 92.6 2.4 
2:1 180 0.3 24 NMP  6.3 90.8 2.9 
2:1 200 0.3 30 NMP 76 1.4 21.9  
   1.5  - 7 93 Trace 
   3  - 3.1 93 3.8 
   4.5  - 4 96 Trace 
   6.5  - 1.8 95.7 2.3 
   7  - 1.55 93.5 4.9 
2.1 200 1.5 3 NMP - 2.7 94.3 2.95 
   14  - 3.3 88.4 8.1 
2:1 200 0.3 17 NMP/ 
Toluen
e 
- 2.7 90.9 6.3 
2:1 180 0.3 3 DMSO 0.89 1.5 92.5 5.1 
3:1 200 0.3 3 NMP - - 30 69 
3:1 180 0.3 3 DMSO - - 12 87 
5:1 180 0.3 24 NMP - - - 100 
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of the third fluorine gets substituted. At 200 ºC and for 7 hours, the amount of tri-
substitution is 4.9%, which is more compared to the 180 ºC and for 24 hrs i.e 2.9%. 
This also indicated that higher temperature conditions enhances for the formation of 
more tri-substituted product, 15 and at a faster rate. 
 Comparing the tri-substitution, between non-azeotropic and azeotropically 
dried models at a particular temperature, eg: at 165 ºC, 4.97 % of 13, 92.6 % of 14, 
and a 2.4 % of tri-substituted, 15, were formed at azeotropic conditions and 2.3 % of 
13, 95.1 % of 14 and a 2.6 % of tri-substituted, 15, were formed under non-azeotropic 
conditions, which indicates that tri-substitution is more likely under non-azeotropic 
conditions. Model compounds of 1 and 2 for the mono, di and tri substitution could 
be further analyzed by other methods i.e. 
19
F, 
1
H and 
13
C NMR spectroscopy. 
 
3.5 
19
F NMR analyses for the model compounds 
 
3.5.1 
19
F-NMR spectra of BB’B” monomer 1, mono, di models 
The reaction products were further analyzed by 
19
F NMR spectroscopy. Reaction of 1 
equivalent of p-cresol with 1, at lower temperatures (i.e. 50 
o
C) for 24 hrs under 
azeotropic conditions, indicates the presence of monomer by the peaks at -104.5 ppm 
(Fa) and -106.3 ppm (Fb). The substitution of the 10a (para-F), initially is confirmed 
by the more intense meta-F peaks present at -106.4 ppm (Fb’) and a decrease in the 
para-F peak of the monomer 1 at -104.6 ppm (Fa), as shown in Figure 15.  
An appreciable amount, of a single meta-F substitution (Fb’’), 10b is also seen under 
these conditions which is at -107.6 ppm.  
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 The di-substituted product is indicated by the peak present at -108 ppm (Fb’’’). 
Here, the substitution of one meta-F decreases the reactivity of the other meta-F and 
hence only one meta-F gets substituted initially and less di-substituted product is 
formed, represented as Fb’’’.  
Reaction of 2 equivalents of p-cresol with 1, at a higher temperature i.e. at 150 
o
C for 
24 hrs under azeotropic conditions, results in the formation of di-substituted 
compound, 11 as seen by the more intense peak of the second meta-F (Fb’’’) at -107.7 
ppm, indicating a greater amount of the first meta-F substitution. A small amount of 
mono-substituted product is seen by the para-F (Fb’) substitution, at -106.4 ppm. 
 
Figure 15: Overlay of the 
19
F NMR spectra of a) BB’B” monomer 1, b) mono para-F 
substituted compound, 10a and mono meta-F substituted compound, 10b, and trace of di-
substituted product, 11 (1:1 ratio of 1,16 at 50 
o
C  for 24 hrs, non-azeotropic) c) di-
substituted model compound 11 (1:2 ratio of 1,16 at 150 
o
C  for 24 hrs, non-azeotropic) 
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3.5.2 
19
F-NMR spectra of BB’B” monomer 2, mono, di models 
The reaction of 1 equivalent of p-cresol, 16 with 2, at 100 
o
C for 72 hrs (non-
azeotropic conditions) produced 13 where the para-F is substituted. The product 
could be indicated by the presence of only one signal, -109.21 (Fb) ppm of the un-
substituted meta-F’s as shown in Figure 16.  
 Reaction of 2 equivalents of p-cresol, 16 with 2, at a higher temperature i.e. at 
150 
o
C for 24 hrs (non-azeotropic) results in di-substituted product, 14, where the 
para-F and a meta-F are substituted. The product could be identified by the un-
substituted meta-F peak present at -110.6 ppm (Fb’). A less intense peak at -109 ppm 
indicates more mono-substituted product, 13 at these reaction conditions.  
Integrating this peak, by considering the value of di-substituted product as 1, the 
calculation is as follows: 
Integrated value = 0.3115. This value is divided by 2, since each mono-substituted 
product has 2 meta-F’s. Then the value 0.1557 is divided by the total ratio i.e 1.1557 
of mono and di-substitution and the % of mono-substitution could be obtained as 13.4 
%.  
This value is more compared to the GC/MS result of 3.3 %. Hence the F atoms could 
be more exactly detected by 19F NMR spectroscopy and it could be a more reliable 
source for the mono and di-substituted product calculations. 
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Figure 16: Overlay of the 
19
F NMR spectra of a) mono para-F substituted compound, 
13 (1:1 ratio of 1, 16 at 100 
o
C for 72 hrs, non-azeotropic) b) di-substituted model 
compound, 14. (1:2 ratio of 2, 16 at 150 
o
C for 24 hrs, non-azeotropic). 
 
Because the tri-substituted compound cannot be identified and analysed by 
19
F NMR 
spectroscopy, an alternate spectroscopic means was required such as 
1
H and 
13
C 
NMR spectroscopy. 
 
3.6 
1
H-NMR spectroscopic analysis of BB’B” monomers, 1 and 2 
 
Figure 17 shows the representation of the He proton, adjacent to the 2 F’s and x-C 
site (where x =SO2/CO groups) in the 3, 5-difluoro ring of the monomers 1, 2 and 
mono-substituted model compounds 10a, 13, di-substituted model compounds 11, 14 
and tri-substituted model compounds 12, 15 which were analysed by the 
1
H, 
13
C 
NMR and 
19
F NMR spectroscopic methods to identify the kind of substitution, at 
different reaction conditions. 
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Figure 17: The He and C atoms of 1, 2 and the model compounds, analysed by 
1
H, 
13
C NMR and 
19
F spectroscopic methods. 
3.6 .1 
1
H-NMR spectra of BB’B” monomer 1 and 2 
The aromatic regions of 1, mono-substituted, 10a, di-substituted, 11, tri-substituted 
12 peaks of model compounds obtained at different reaction conditions have been 
shown in Figure 18. The He proton of 1 appears as a triplet of triplets, due to the 
adjacent H atoms and the 2 F groups adjacent to it in the 3, 5-difluoro aromatic ring. 
The same signal for 10a obtained at 1:1 ratio of 1, 16 at 50 
o
C for 24 hrs, under non-
azeotropic conditions is again a triplet of triplets, since only the para-F is substituted 
and the 2 meta-F’s remain unsubstituted which aids in the splitting of He atom. The 
signal obtained by 10a is overlapped with other peaks, since the reaction had products 
other than just 10a.   
The signal for 11 obtained at 1:2 ratio at 150 
o
C for 24 hrs, under non-azeotropic 
conditions, is a doublet of doublet of doublet (appeared as a doublet of triplets), since 
the adjacent H’s split it into doublets of doublet and 1 unsubstituted F splits it into 
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doublet of doublet of doublets. The reaction mixture also had small amount of 10a. 
The signal for 12 obtained at 1:5 ratio at 180 
o
C, under non-azeotropic conditions, 
appears as a triplet due to the 2 meta H atoms and no F atoms. Figure 19 also 
indicates the similar peaks for the products of model reactions of 2 with 16. 
 
3.6.1.1 
1
H-NMR spectra of BB’B” monomer 1  
 
 
 
Figure 18: Overlay of the 
1
H NMR spectra with aromatic He peaks of a) BB’B” 
monomer, 1 b) mono-substituted model compound, 10a (triplets of triplets 
overlapping) (1:1 ratio of 1, 16 at 50 
o
C for 24 hrs, azeotropic) c) di-substituted model 
compound, 11 with a trace of tri-substituted product, (1:2 ratio of 1, 16 at 150 
o
C for 
24 hrs azeotropic) and d) tri-substituted model compound, 12 (1:5 ratio of 1, 16 at 
180 
o
C, for 24 hrs, non-azeotropic. 
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3.6.1.2 
1
H-NMR spectra of BB’B” monomer 2 
 
 
Figure 19: Overlay of the 
1
H NMR spectra with aromatic He peaks of a) BB’B” 
monomer, 2 b) mono-substituted model compound, 13 (triplet of triplets buried) (1:1 
ratio of 2, 16 at 100 
o
C for 72 hrs, non-azeotropic) c) di-substituted model compound, 
14 (1:2 ratio of 2, 16 at 150 
o
C for 24 hrs non-azeotropic) and d) tri-substituted model 
compound, 15 (1:5 ratio of 2, 16 at 180 
o
C for 24 hrs, non-azeotropic) . 
 
3.6.2 
13
C-NMR spectroscopic analysis of the model reactions of BB’B” 
monomers 1 and 2  
13
C NMR spectroscopy also provides an excellent diagnostic tool to probe the 
structures of the model compounds. In particular, the spectral peaks of the C atom on 
3, 5 di-fluoro ring that is adjacent to the SO2 group of 1 could vary with the fluorine 
displacement and hence they could be easily identified and analysed.
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3.6.2.1 
13
C-NMR spectroscopic analysis of the model compounds of monomer 1 
 
Figure 20: Overlay of 
13
C NMR spectra with C -SO2 peaks of a) BB’B” monomer, 1 
b) mono-substituted model compound, 10a (triplets of triplets overlapping) (1:1 ratio 
of 1, 16 at 50 
o
C for 24 hrs, azeotropic) c) di-substituted model compound, 11, with a 
trace of tri-substituted product (1:2 ratio of 1, 16 at 150 
o
C for 24 hrs azeotropic) and 
d) tri-substituted model compound, 12 (1:5 ratio of 1, 16 at 180 
o
C, for 24 hrs, under 
non-azeotropic conditions. 
 
As shown in Figure 20, the C -SO2 peaks from the 
13
C NMR spectra of the BB’B” 
monomer 1 models, under non-azeotropic conditions were considered to estimate the 
substitution of fluorines.  
a) For the monomer 1, is a triplet due to the 2 adjacent F atoms . b) For the mono-
substituted model compound, 10a formed with 1 eq. of p-cresol 16, at 50 
o
C and for 
24 hrs, the triplet peak which is split by the neighboring 2 fluorine atoms appears at 
146.5 ppm, representing the end groups for the polymer. c) C -SO2 peak for di-
substituted model compound, 11 at 2 equivalent of p-cresol at 150 
o
C for 24 hrs, is a 
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doublet at 145 ppm due the the single fluorine atom and represents the linear unit of 
the polymer. An appreciable amount of mono and tri-substitution is also seen here. d) 
At 5 equivalents of p-cresol 16, at 180 
o
C for 24 hrs,100 % of  tri-substituted model 
compound, 12 was formed and a singlet peak appears at 144.6 ppm which represents 
the dendritic unit of the polymer. 
 3.6.2.2 
13
C-NMR spectroscopic analysis of the model compounds of BB’B” 
monomer 2 
13
C NMR spectral signal for the peaks of C atom on 3, 5 di-fluoro ring that is adjacent 
to the C=O group of 2 also vary with the substitution on the C as shown in Figure 21, 
with the similar splitting pattern as that of 1 models. The peaks for mono, di and tri-
substituted compounds appear at 141, 140.4, 140.2 ppm respectively. An additional 
feature of 2 is that the carbonyl signal (C-O), located near 192 ppm also varies with 
the substitution of the adjacent electrophillic sites on the 3, 5 di-fluoro ring and hence 
could be analysed. As shown in Figure 21, the C-O peak for 2 appears as a triplet due 
to the two neighboring F atoms at around 192 ppm.  
 
Figure 21: Overlay of the 
13
C NMR spectra with C-O peaks of a) BB’B” monomer, 2 
b) mono-substituted model compound, 13 (1:1 ratio of 2, 16 at 100 
o
C for 72 hrs, non-
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azeotropically) c) di-substituted model compound, 14 (1:2 ratio of 2, 16 at 150 
o
C for 
24 hrs non-azeotropically) and d) tri-substituted model compound, 15 (1:5 ratio of 2, 
16 at 180 
o
C for 24 hrs non-azeotropically). 
Figure 21 also displays the C-O peak from the 
13
C NMR spectra of the BB’B” 
monomer, 2 models, under non-azeotropic conditions,  to estimate the substitution of 
fluorines. For the mono-substituted model compound, 13 at 1 equivalent of 16,  at 
100 
o
C for 72 hrs the peak at 192.8 ppm is a triplet which is split by the neighboring 2 
fluorine atoms.The C-O peak of di-substituted model compound 14, at 2 equivalent of 
16,  at 150 
o
C for 24 hrs is a doublet at 193.4 ppm due the the single meta-F atom. An 
appreciable amount of mono and tri-substitution is also seen here.  Reaction of 1 with  
5 equivalents of 16, at 180 
o
C for 24 hrs resulted in 100 % of  tri-substituted model 
compound 15. Its peak appears as a singlet at 194.4 ppm.  
 
3.7       Model study of 1 and 2 at different reaction temperatures 
 
By understanding the peaks related to the mono, di and tri-substituted compounds, 
further studies have been done by carrying model reactions at a concentration of 0.3 
M and 1: 2 ratio of either 1, 16 or 2, 16 at different reaction temperatures under non-
azeotropic and azeotropic conditions, to analyse the percent of mono, di and tri-
substituted products formed. The 
13
C and 
19
F NMR spectra were used as a means to 
determine the amount of substitution at each site of 1 and 2. The results are displayed 
in the Figures 22 - 26. 
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3.7.1.1 
13
C-NMR spectra of models of monomer 1, 2 at different reaction 
temperatures 
Analyzing the 
13
C-NMR spectra of models of monomer 1, the peak for the C-SO2, on 
the 3, 5-difluoro ring appeared as a triplet, a doublet and a singlet for the mono, di and 
tri-substitution products at -145.5, -145 and -144.5 ppm respectively. They were 
integrated using the Frey et al. Equation, 3 i.e DB % =  2D /2 D + L * 100.    
The results are tabulated in Table 4. 
 
3.7.1.2 Determining the ratio of tri-substitution from the model reactions carried 
under different temperatures 
 
Table 4: Ratio of tri substitution of model reactions of 1 and 2, at different reaction 
condition, by 
13
C NMR spectroscopy. 
 
Under azeotropic conditions and at temperatures 150, 165 and 180 
o
C, the amount of 
tri-substitution is respectively 0.081, 0.12 and 0.19, indicating that more tri-
substitution is formed at higher temperatures.  
 
 
 
Te
mp. 
(°C) 
 
Conc 
(M) 
Ti
me 
(H
rs) 
Azeo.
Dryn
g 
Solven
t 
Sulfon
e 
 
Ketone 
 
150 0.33 24 Yes NMP 0.081 - 
165 0.33 24 Yes NMP 0.12 0.083 
180 0.33 24 Yes NMP 0.19 - 
150 0.33 24 No NMP 0.22 0.125 
165 0.33 24 No NMP 0.23 0.175 
180 0.33 24 No NMP 0.35 0.20 
200 0.33 7 No NMP 0.262 0.28 
150 0.33 24 Yes DMSO 0.1  
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3.7.1.3 
13
C-NMR spectra of monomer 1 models under non-azeotropic conditions 
at different reaction temperatures 
 
Figure 22: Overlay of the C-SO2 peaks of sulfone BB’B” monomer 1 and 16 at 2:1 
molar ratio, non-azeotropic, at different reaction temperatures. a) at 150 
o
C for 24 hrs, 
b) 165 
o
C for 24 hrs c) 180 
o
C for 24 hrs and d) 200 
o
C for 7 hrs. d – di-substituted, t-
tri-substituted. 
As shown in Figure 22 for the model reactions of 1, under non-azeotropic conditions 
and at temperatures 150, 165 and 180 
o
C for 24 hrs gives 0.22, 0.23, 0.35 of tri-
substituion which also indicates that the tri-substitution is formed more at higher 
temperature conditions. It is also observed that more amount of tri-substitution is seen 
under non-azeotropic conditions. At 200 
o
C and for 7 hours the amount of tri-
substitution is 0.262, which is less than that of 180 
o
C since the reaction time varied. 
But the rate of tri-substitution is more at 200 
o
C for 7 hrs, when compared to that of 
180 
o
C for 24 hrs. Tri-substitution is higher at the non-azeotropic conditions 
compared with those of azeotropic condition reactions. 
 The GC/MS results for the amount of tri-substituted model compound of 1, 
formed at 150 
o
C, 165 
o
C and 180 
o
C and 200 
o
C is 1.1 %, 3.7 %, 5.2 % and 4.9 %. 
Comparing these results with amount of tri-substituted product formed from the 
13
C 
52 
 
NMR spectral analysis, the GC/MS analysis under-estimates the tri-substituted 
product. 
3.7.2 
13
C NMR spectra of monomer, 2 models at different temperatures 
 
 
Figure 23: Overlay of the C-O peaks of ketone BB’B” monomer, 2 and 16 at 2:1 
molar ratio, non-azeotropic, at different reaction temperatures, i.e a) at 150 
o
C for 24 
hrs, b) 165 
o
C for 24 hrs c) 180 
o
C for 24 hrs and d) 200 
o
C for 7 hrs. m- mono-
substituted peak, d –di-substituted peaks, t – tri-substituted peak). 
 
For the BB’B” ketone monomer, 2, considering the C-O carbon peaks, they also 
appeared as a triplet, a doublet and a singlet for the mono, di and tri-substitution 
products at around -192 ppm and were integrated as shown in Figure 23. At 150 
o
C, 
165 
o
C and 180 
o
C for 24 hrs, the percent of tri-substitution is observed to be 12.5 %, 
17.5 % and 20 % and at 200 
o
C for 7 hrs it is 28 %. Hence there is an increase in the 
amount of tri-substitution with an increase in the temperature. The C-C=O peaks of 2 
as shown in Figure 24, also indicates the same.    
 The GC/MS results for the amount of tri-substituted compound 2, formed at 
150 
o
C, 165 
o
C and 180 
o
C and 200 
o
C is 2.0 %, 2.6 %, 2.9 % and 4.9 %. Comparing 
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these results with amount of tri-substituted product formed from the 
13
C NMR 
spectral analysis, the GC/MS analysis under-estimates the tri-substituted product. 
 
Figure 24: Overlay of the C-C=O regions of 2 and 16, at 2:1 molar ratio, non-
azeotropically, at different reaction temperatures a) at 150 
o
C for 24 hrs, b) 165 
o
C for 
24 hrs c) 180 
o
C for 24 hrs and d) 200 
o
C for 7 hrs. 
 
The mono-substituted peaks were not readily apparent in the 
13
C NMR spectra. Since 
it appears as a triplet, the peak might have been buried with the noise associated with 
the peaks. 
19
F NMR spectra analysis is a more sensitive method in determining the 
intensity of the mono-substituted peaks. 
3.7.3.1 
19
F NMR spectra of monomer, 1 models at different reaction conditions 
Since the ratio of mono to di-substitution was not clearly seen in the 
13
C NMR 
spectra,
19
F NMR spectra would aid in determining the % of mono-substitution, which 
should be equal to the amount of trisubstituted product, in the corresponding model 
reactions. For the reactions which were carried at 2:1 molar ratio of 1 and 16 and 
under non-azeotropic conditions, the 
19
F NMR spectra at 150 
o
C for 24 hrs indicate 
8.1 % of mono-substitution, 10a. At 165 
o
C it is 0.6 % and at 180 
o
C it is 0.6 % and at 
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200 
o
C 0.9 % is formed as shown in Figure 25.  The results show that the amount of 
mono-substitution increases with increase in temperature.  
 The amount of mono-substitution, 10a formed at 150 
o
C for 24 hrs is 8.1 %, 
which is more compared to the higher temperature products. This might be due to the 
reason that the lower reaction temperature might not have allowed the reaction to 
reach completion. It should be noted that the intensity of the 
19
F peak for the mono-
substitution is due to 2 meta-F’s and hence the calculations were done reducing the 
intensity of the peak to half.   
 The GC/MS results for the amount of mono-substituted compound 1, formed 
at 150 
o
C, 165 
o
C and 180 
o
C and 200 
o
C is 4.2 %, 0.1 %, 0.6 % and 0.4 %. 
Comparing these results with amount of tri-substituted product formed from the 
13
C 
NMR spectral analysis, the GC/MS analysis under-estimates the mono-substituted 
products also. 
 
Figure 25: Overlay of the 
19
F NMR spectra peaks of ketone BB’B” monomer, 1 and 16 
at 2:1 molar ratio, non-azeotropically, at different reaction temperatures a) at 150 
o
C for 
24 hrs, b) 165 
o
C for 24 hrs c) 180 
o
C for 24 hrs and d) 200 
o
C for 7 hrs. 
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3.7.3.2 
19
F NMR spectra of monomer, 2 models at different reaction conditions 
Figure 26 indicates the 
19
F NMR spectra of the reactions carried at 2:1 molar ratio of 
2 and 16 and under non-azeotropic conditions. The ketone BB’B” monomer, 2 
models at 150 
o
C for 24 hrs indicate 13.4 % of mono-substitution, 10a. At 165 
o
C it is 
6.5 %, at 180 
o
C it is 7.6 %. These values are opposite of the expected increase in the 
amount of mono-substitution at higher reaction conditions, corresponding to more 
trisubstituted product. At 150 
o
C for 24 hrs 13.4 % of mono-substituted product is 
obtained which is more than those of higher temperature products. This also might be 
the due to incomplete reaction. 
 
Figure 26: Overlay of the 
19
F NMR spectra peaks of ketone BB’B” monomer, 2 and 
16 at 2:1 molar ratio, non-azeotropically, at different reaction temperaturesa) at 150 
o
C for 24 hrs, b) 165 
o
C for 24 hrs c) 180 
o
C for 24 hrs and d) 200 
o
C for 7 hrs 
 
 The GC/MS results for the amount of mono-substituted compound in the 
model reactions of 2, formed at 150 
o
C, 165 
o
C and 180 
o
C for 24 hrs and 200 
o
C for 7 
hrs is 3.3 %, 2.3 %, 6.3 % and 1.5 %. Comparing these results with amount of tri-
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substituted product formed from the 
13
C NMR spectral analysis, the GC/MS analysis 
under-estimates the mono-substituted products also. 
 The information of the substitution of the reactive sites of the BB’B” 
monomers 1 and 2 and the study of the resulted products by 
1
H, 
13
C and 
19
F NMR 
spectra analysis could be applied as a means to understand the DB in the polymers 
synthesized from 1 and 2 as BB’B” monomers and 3 as an A2 monomer. 
 
3.8  Polymerization reactions 
 
F
F
F
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K2CO3/NMP
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O
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x
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Scheme 8: Generic scheme for the polymerization reactions. 
 
3.8.1 Polymerization reactions of BB’B” monomer, 1 under azeotropic 
conditions 
 
Knowing the reactivity data from the model reactions, the polymerization reactions 
were carried out under typical NAS conditions to synthesize PAE’s as outlined in 
Scheme 8 and later the focus was to tune their degree of branching. Reactions were 
carried out with either 1 or 2 as the electrophile and 4, 4’-biphenol, 3 as the 
nucleophile. The corresponding bisphenolate was produced by K2CO3 in NMP (or 
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DMSO) solution. All reactions were studied under either azeotropic drying using 
toluene or non-azeotropic conditions. The mixture was held at different reaction 
temperatures under nitrogen. After completion, the reaction mixture was slowly 
poured into acidic water and the resulting precipitate was isolated and dried under 
vacuum. After initial precipitation from water, the polymers were re-dissolved in 
THF and precipitated again from methanol, in order to remove any low molecular 
weight byproducts, before analysis. The compounds were analyzed by GPC as well as 
1
H, 
13
C and 
19
F NMR spectroscopy to determine the degree of branching, DB. The 
initial polymerization reactions were carried out under azeotropic drying conditions, 
with NMP as solvent, for 24 hours and Molecular weight (MW) values are listed in 
Table 5.  For the H2O precipitation the number average MW, Mn, values ranged from 
5,800-24500 Da. The PDI values of these polymers ranged from 3.3 to 15.3. For the 
CH3OH precipitation the Mn values ranged from 7,900-18,100 Da with PDI values 
from 2.2 to 3.6.  
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3.8.1.1 Polymerization results for monomer 1 
 
Table 5: Polymerization conditions and results for the BB’B” monomer, 1 under 
azeotropic conditions. 
 At 0.33 M concentration and 150 
o
C, P1 with NMP as the solvent, soluble 
polymer with Mn 7,900 Da and PDI of 6.6 is formed, but raising the temperature to 
165 
o
C for 24 hours, resulted in gelation of the polymer. Hence, the concentration was 
reduced to 0.2 M and soluble polymers were obtained at temperatures of 150
 o
C, 165
 
o
C, and 180 
o
C, P2, P3, P4 with Mn values of 5,800 Da, 7,200 Da, 24500 Da and PDI 
values of 2.9, 3.7, 15.3, respectively.  
Polyme
r 
 
 
Conc.  
(M) 
Temp 
(
o 
C) 
Solve
nt 
Solub
le 
Polyme
r 
H2O 
(ppt)  
Mn(Da) 
PDI %  
Yield 
CH30H(p
pt)  
Mn (Da) 
PDI % Yield 
P1 0.33 150 NMP Yes 790
0 
6.6 95 18,100 3.6 65 
 0.33 165 NMP No       
P2 0.2 150 NMP Yes 5800 2.9 86 7900 2.2 54 
P3 0.2 165 NMP Yes 7200 3.7 89 10,000 3.0 42 
P4 0.2 180 NMP Yes 24,500 15.3 83 11,000 3.8 48 
 0.2 200 NMP No       
P5 0.1 150 NMP Yes 7300 3.3 90 8500 2.5 65 
P6 0.1 165 NMP Yes 7100 3.4 85 9000 2.4 52 
P7 0.1 180 NMP Yes 16,700 7 84 9300 2.8 45 
 0.1 200 NMP No       
P8 0.165 145 
(toluene) 
NMP Yes 13,100 3.6 96 14,200 3.6 66 
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 Reaction at 180 
o
C and for 24 hours resulted in a high MW polymer i.e 24500 
Da with a PDI of 15.3. This might be due to the wide range of MW polymer chains, 
which was confirmed by the high PDI value of 15.3 compared with rest of the 
polymers. 
 The reaction of 0.2 M at 200 
o
C resulted in gelation. When the concentration 
was further reduced to 0.1 M soluble polymers were obtained at 150
 o
C, 165
 o
C, and 
180 
o
C, P5, P6, P7, respectively with the Mn values of 7,300 Da, 7,100 Da, and 
16,700 Da with PDI of 3.3, 3.4, and 3.7, respectively. High MW at 0.l M and 180 
o
C 
might also be due to the wide range of polymer chains.  
 After CH3OH precipitation, P1 had a Mn value of 18,100 with a PDI’s of 3.6. 
P2, P3, P4 had Mn values of 7,900, 10,000, 11,000 Da with PDI’s of 2.2 and 3.0, 3.6. 
Polymers P5, P6, P7 had Mn values of 8500, 9000 and 9300 Da with PDI’s 3.3, 3.4, 
3.7 respectively. With the CH3OH precipitation the Mn values increased and the PDI 
values decreased.   
 
 
 
 
1) Crosslinkage                   2) Intramolecular Cyclization  
Figure 27: Representation of crosslinkage and intramolecular cyclization between 
polymer chains. 
 
In Figure 27, 1) shows that the polymer chains get linked to each other and form 
crosslinkages which, in turn results in the gelation of the polymer. This can be 
A A B B
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reduced by diluting the mixture which allows for intramolecular cyclization as shown 
in 2) and hence gelation could be minimized. 
 
3.8.1.2 GPC traces of polymers of 1 
 
 
Figure 28: Overlay of a) Reaction mixture precipitate from H2O of the polymer P3 at 
0.2M and 165 
o
C under azeotropic conditions, b) sample from THF/ CH3OH re-
precipitation, c) final precipitate from THF/ CH3OH, and d) CH3OH soluble material. 
 
As shown in Figure 28, reprecipitation removes low MW materials. a) Represents the 
GPC data for H2O precipitate of the polymer P3 at 0.2M and 165 
o
C under azeotropic 
conditions, which showed wide MW peaks due to high MW chains and a smaller 
oligomeric or cyclics peak with lower MW. This range of varying size chains reduces 
the overall MW and increases the PDI. This can be overcome by reverse precipitation 
treatment of the polymers by initially dissolving them in THF and later reprecipitating 
out of CH3OH by adding CH3OH to the THF solution slowly.  
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b) It is the sample with THF/ CH3OH re-precipitation. This significantly increased the 
Mn values range and the PDI value is decreased. It can be explained that by reverse 
precipitation the lower MW polymer remains in CH3OH and the higher MW 
precipitates out. But as the concentration decreases it allow for intramolecular 
cyclization rather than crosslinkages and hence the intensity of cyclic, increase in 
dilute conditions. c) It is the final precipitate from THF/ CH3OH, relatively free of 
cyclic material and d) Is the CH3OH soluble material with the low MW chains. 
3.8.2 Polymerization reactions of monomer 1, under non-azeotropic conditions. 
Table 6: Polymerization conditions and results for 1 at different reaction 
temperatures and under non-azeotropic conditions 
Polymerizations of monomer 1 were carried out under non-azeotropic conditions and 
the results are tabulated in Table 6. Reactions carried at 0.33M and 150
 o
C for 24 
resulted in a soluble polymer with Mn of 11,165 Da and PDI of 5.8 with a yield of 
85%. At 165
 o
C and for 6 hrs, the reaction resulted in a crosslinked polymer and 
hence the reaction temperature was reduced to 4 hours which resulted in a soluble 
polymer with an Mn of 18,449 Da and a PDI of 8.7, the % yield was 78%.  When 
temperature was raised to 180 
o
C and for 4 hrs, the reaction resulted in a crosslinked 
polymer but 180 
o
C and for 3.2 hours resulted a soluble polymer with an Mn of 
12,754 Da and a PDI of 8.9 with a % yield of 77%.  
Polymers Temp. 
(°C) 
 
Conc 
(M) 
Time 
(Hrs) 
Soluble Solvent Mn (Da) 
H20 ppt 
PDI % Yield 
P9 150 0.33 24 Yes NMP 11,165 5.8 85 
 165 0.33 6 No     
P10 165 0.33 4 Yes NMP 18,449 8.7 78 
 180 0.33 4 No     
P11 180 0.33 3.2 Yes NMP 12,754 8.9 77 
 200 0.33 30 mts No NMP    
P12 200 0.2 2.5 Yes NMP 10,706 5.9 88 
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The reaction of 1 and 3 at 0.3 M ratio, at 200 
o
C for 0.5 hours resulted in a 
crosslinked polymer. Hence the concentration was reduced to 0.2 M and the reaction 
at 200 
o
C for 2.5 hrs resulted in a soluble polymer with the Mn value of 10,706 Da and 
a PDI of 5.9 with a % yield of 88%. 
 Under non-azeotropic conditions the MW of the H2O precipitate polymers are 
greater when compared to the azeotropically synthesized polymers. The PDI values 
are also high. Soluble polymers with higher MW were obtained in a lesser period of 
time compared to that of polymers synthesized under azeotropic drying conditions. 
3.8.3 Polymerization reactions of monomer 2, under non-azeotropic conditions 
Table 7: Polymerization conditions and results of ketone monomer 2, under non-
azeotropic conditions.*P19 was synthesized under 3A2:2B3 conditions.   
 
 
 
 
 
 
  
 
 
 
 
 
Polymer Conc(M) Temp.(°C) 
 
Soluble 
Polymer 
Time(Hrs) Solvent Mn (Da) PDI %Yield 
P13 0.33 150 Yes 24 NMP/Tol 7,377 
 
3.3 85 
P14 0.33 165 Yes 24 NMP/Tol 8,720 9.2 93 
P15 0.33 150 Yes 24 NMP 8,199 2.4 55 
 0.33 165 No 12 NMP    
P16 0.33 165  2.5 NMP 3,306 2.1  
 0.33 165  5 NMP 3,960 1.3  
 0.33 165 Yes 8 NMP 7,667 3.9 45 
 0.33 180 No 8 NMP    
P17 
 
0.33 180  2.5 NMP 6,140 2.4  
 0.33 180  5 NMP 10,212 6.4  
 0.33 180 Yes 6 NMP 10,267 17.5 48 
 0.33 200 No 0.83 NMP    
P18 0.2 200 Yes 0.5 NMP 4,054 1.8  
    4.5 NMP 10,181 18.9 61 
P19 0.1 180 Yes 2.5  10,894 4.1 83 
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The polymerization reactions of 2 were carried out under similar conditions as those 
for 1. Under azeotropic conditions and at 150 
o
C for 24 hours, soluble polymer with 
an Mn value of 7,377 Da and a PDI value of 3.3 was obtained. At 165 
o
C and for 24 
hours, soluble polymer with an Mn value of 8,720 Da and a PDI value of 9.2 was 
obtained.  
 Under non-azeotropic conditions, the Mn value of the H2O precipitates at 
reaction temperatures 150
 o
C for 24 hours was 8,199 Da with a PDI value of 2.4. It 
has a higher Mn value when compared to that of azeotropic conditions. Reaction at 
165
 o
C and for 12 hours, resulted in an insoluble polymer. At 165
 o
C soluble polymer 
was obtained at 8 hours with a Mn value of 7667 Da and a PDI of 3.9. At 180 
o
C for 8 
hours, resulted in an insoluble polymer. At 180 
o
C and at 6 hours soluble polymer 
was obtained with an Mn of 10,267 Da and PDI of 17.5, at 200 
o
C and 0.2M for 4.5 
hours, soluble polymer was obtained with an Mn of 10,181 Da and a PDI of 18.9. 
0.1M. Reaction of 3:2 molar ratio of A2:B3 results in polymer soluble polymer at 2.5 
hours, with the Mn 10,894 Da and PDI of 4 as shown in Table 7. 
 The MW and PDI values of polymers synthesized with 2 as the monomer are lower 
when compared to those of monomer 1 under similar conditions.  
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 3.3.9     Tailoring the DB by varying different reaction conditions 
As shown in Figure 29, the BB’B” monomers can be incorporated into the polymer 
in three different modes i.e terminal, linear and dendritic. In order to estimate the 
level of branching in these systems, the ratio of these three units must be determined.  
Both 
13
C and 
19
F NMR spectroscopy were utilized to count the relative number of 
each respective unit and the DB equations discussed previously were then applied to 
estimate the DB values. 
RO
F
F
x
F
OR
OR
RO
OR
x
x
x = SO2 / CO
RO
Terminal Unit Linear Unit
Dendritic Unit
 
 
Figure 29: Representation of the branching units in the BB’B” monomers, 1 and 2 
Assignment of the terminal, linear and dendritic units was based on 
13
C NMR data of 
the previously prepared model compounds. In addition the reactivity of the 
electrophillic sites and the displacement of the fluorine atoms discussed previously 
also aided in the assignments.  
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3.10.1 Assignments of the terminal, linear and dendritic units of monomer 1 
models by 
13
C NMR spectroscopy 
 
 
 
Figure 30: Overlay of the 
13
C NMR spectra with C -SO2 peaks of a) 0.2M, 150 
o
C, 
24 hrs 
o
C polymer under azeotropic conditions b) mono-substituted model compound, 
10a (1:1 ratio of 1,16 at 50 
o
C and for 24 hrs, non-azeotropically ) c) di-substituted 
model compound, 11 (1:2 ratio of 1,16 at 150 
o
C for 24 hrs, non-azeotropically) and 
d) tri-substituted model compound, 12 (1:5 ratio of 1,16 at 180 
o
C for 24 hrs, non-
azeotropically) representing E – endgroups, T – terminal units, D – dendritic units. 
The peak corresponding to the mono-substituted model compounds represent the end 
groups of the polymer. The di-substituted peaks, represent the linear units of the 
polymer and the tri-substituted compounds represent the dendritic units as represented 
in Figures 30 and 31. 
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3.10.2 Assignments of the terminal, linear and dendritic units of monomer 2 
models by 
13
C NMR spectroscopy 
 
 
Figure 31: Overlay of the 
13
C NMR spectra with C-O peaks of monomer 2, a) 0.3M, 
150 
o
C, 24hrs polymer under azeotropic conditions, P13 b) mono-substituted model 
compound, 13 (1:1 ratio of 2,16 at 100 
o
C for 72 hrs, non-azeotropically) c) di-
sustituted model compound, 14  (1:2 ratio of 2,16 at 150 
o
C for 24 hrs, non-
azeotropically) and d) tri-substituted model compound, 15 (1:5 ratio of 2,16 at 180 
o
C 
for 24 hrs, non-azeotropically)  representing E – endgroups, T – terminal units, D – 
dendritic units. 
Understanding the assignments of the terminal, linear and dendritic units in the 
polymers the DB could be further calculated from the 
19
F and 
13
C spectroscopic 
results. 
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3.11  Estimating the DB of the polymers, from the 19F and 13C NMR 
spectroscopy 
 
19
F NMR peaks of polymers of 1, 2 monomers, under different reactions conditions 
were shown in the Figure 32-34 
 3.11.1 
19
F NMR peaks of polymers of 1, 2 monomers. 
 
 
Figure 32: Overlay of the 
19
F NMR spectra of polymers P1, P3, P7 and P8 a) 0.3M 
at 150 
o
C, P1 b) 0.2M at 165 
o
C, P3 c) 0.1M at 180 
o
C, P7 and d) 0.3M at 150 
o
C 
with toluene, P8 under azeotropic conditions. T- terminal fragments, L- linear 
fragments, C- cyclic 
 
Figure 33: Overlay of the 
19
F NMR spectrosocpic analysis of polymers P9-P12 a) 
0.3M at 150 
o
C for 24 hrs, P9 b) 0.3M at 165 
o
C for 4 hrs, P10 c) 0.3M at 180 
o
C for 
3.2 hrs, P 11 and d) 0.2M at 200 
o
C for 2.5 hrs, P12 under non-azeotropic condions. 
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Figure 34: Overlay of the 
19
F NMR spectrosocpic analysis of polymers P15-P17 a) 
0.3M at 150 
o
C at 24 hrs, P15 b) 0.3M at 165 
o
C, P16 and c) 0.3M at 180 
o
C, P17, 
under non-azeotropic conditions 
The 
19
F NMR spectroscopy of the polymers shown in Figures 32 - 34 represent the 
peaks for the cyclic (C), linear units (L) and the terminal units (T) of the polymers. 
DB could be estimated by integrating the linear unit and the terminal unit by applying 
the equation of Frey et al.  
i.e DB % =  2T /2 T + L * 100. The number of dendritic units are considered to be 
similar to that of the terminal units. But since the terminal fragments of the polymers 
consists of two fluorines, the equation can be modified using the equation below and 
results are tabulated in Table 8. 
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Table 8: DB results of polymers estimated by 
19
F NMR and 
13
C NMR Spectroscopy. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Soluble Polymers Azeo. Drying DB from 
19
F NMR analysis 
DB from 
13
C NMR analysis 
  1 2 1 2 
0.3M, 150 
o
C – P1 Yes 0.3 - 0.095 - 
0.2M, 150 
o
C – P2 Yes - - 0.097 - 
0.2M, 165 
o
C – P3 Yes 0.29 - 0.094 - 
0.2M, 180 
o
C – P4 Yes - - 0.1 - 
0.1M, 150 
o
C – P5 Yes - - 0.1 - 
0.1M, 165 
o
C – P6 Yes - - 0.20 - 
0.1M, 180 
o
C – P7 Yes 0.29 - 0.21 - 
0.3M, 150 
o
C 
-P8(w/Tol) 
Yes 0.29 - 0.13 - 
0.3M, 150 
o
C - P9 No 0.34 - 0.12 - 
0.3M, 165 
o
C - P10 No 0.29 - 0.14 - 
0.3M, 180 
o
C - P11 No 0.54 - 0.23 - 
0.2M, 200 
o
C - P12 No 0.28 - 0.2 - 
0.3M, 150 
o
C - P15 No - 0.57 - 0.11 
0.3M, 165 
o
C - P16 No - 0.59 - 0.12 
0.3M, 180 
o
C - P17 No - 0.65 - 0.18 
0.2M, 200 
o
C - P18 No - - - 0.21 
0.1M, 180 
o
C - P19 No - 0.05 - 0.35 
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From Table 8, the DB data
 
from the
 19
F NMR spectra for polymers P1-P10 is around 
0.29-0.3. The DB for the polymers P15-P17 ranged from 0.57-0.65. D.B values for 
these polymers could be higher than the actual values. This is due to the reason that  
each end group consists of 2 F groups which are taken into consideration as 2 end 
groups and hence the intensity of the end group peak is more. Applying the Frey et al 
equation to calculate the DB would result in a higher value. Because 
13
C NMR 
spectroscopy can detect the terminal, linear and dendritic fragments, it could be a 
better method to estimate the DB for these polymers. The 
13
C NMR spectra of the 
polymers at different reaction conditions have been shown in Figures 35, 36  
 
Figure 35: DB results of polymers by the of 1, synthesized under azeotropic 
conditions are estimated by 
13
C NMR spectroscopy by the Overlay of the a) 0.3M, 
150 
o
C – P1 b) 0.2M, 150 
o
C – P2, c) 0.2M, 165 
o
C – P3, d) 0.2M, 180 
o
C – P4, e) 
0.1M, 150 
o
C – P5, f) 0.1M, 165 
o
C – P6 and g) 0.1M, 180 
o
C – P7. 
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Figure 36: DB results of polymers of 2, synthesized under non-azeotropic conditions 
and estimated by 
13
C NMR spectrosopy by the overlay of a) 0.3M, 150 
o
C – P15 b) 
0.3M, 165 
o
C - P16, c) 0.3M, 180 
o
C - P17 and d) 0.2M, 200 
o
C - P18 under non-
azeotropic conditions. 
 
From the DB estimated by the 
13
C NMR peaks, P1-P8 polymers of monomer 1, 
synthesized under azeotropic conditions had a DB ranging from 0.095 to 0.21, under 
non-azeotropic conditions P9-P12, DB ranged from 0.12-0.0.23. Polymers 
synthesized under azeotropic drying conditions had lower DB than those synthesized 
under non-azeotropic conditions.  
 Similar results have been observed with polymers synthesized with 2 as a 
monomer. i.e P13 and P14 polymers under azeotropic condition had a DB of 0.17 and 
0.12 but polymers P15-P18 had DB ranging from 0.11-0.21. The DB values of the 
polymers synthesized from 1 monomer are higher when compared to those of 2 under 
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both azeotropic and non-azeotropic conditions. This is due to the fact that sulfone 
monomer, 1 is more reactive than ketone monomer, 2. 
 For the ketone monomer 2, the polymer synthesized at a concentration of 3:2 
A2:B3 had a higher DB than the polymers synthesized with 1:1 molar ratio. However, 
the gelation time is less compared to that of the 1:1 molar ratio polymer. Although the 
Mn value is high, there is no terminal peak indicating that large intramolecular cyclics 
might have formed in the system. The DB is observed to be increasing in all 
polymerizations under increased temperature conditions. 
3.12 Effect of geometry of the monomers on cyclization. 
 
The angle between C-S-C bonds for 1 is 102 
o
C and it is not planar. The F atoms in 1 
are closer and can undergo intramolecular cyclization easily. Their reactivity at the 
meta-F is relatively high and hence at higher concentration conditions they crosslink 
easily before they can cyclize. To avoid this, the reaction mixture could be diluted 
which minimizes the crosslinkage between the polymer chains.  
 In contrast, the geometry of 2 is planar and the fluorines in the molecule are 
apart. It is relatively difficult for undergo intramolecular cyclization reactions as 
observed with 1. The reactivity at the meta-F is also lesser and hence they do not 
crosslink faster at higher concentration conditions. 
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3.12 Thermal analysis data 
 
 
The thermal properties of the polymers were studied by TGA and DSC analysis. 
Thermal Gravimetric Analysis (TGA) helps in determining the decomposition 
temperature (Td) of the polymers under N2 and air atmosphere. DSC helps us in 
determining the glass transition temperature of the polymers (Tg).  
 
3.13.1 Thermal analysis data of polymers from monomer 1 synthesized under 
azeotropic conditions 
Table 9: TGA and DSC results of P1-P7 under azeotropic conditions. 
 
Table 9 shows the thermal properties of the polymers P1-P7 under azeotropic 
conditions. The Td values for the H20 precipitate samples ranged from 372 - 480 ºC 
for 5% of weight loss and 446 - 511 ºC for 10% of weight loss. The Td values for the 
CH3OH precipitate polymers ranged from 440 –514 ºC for 5% of weight loss and 485 
- 532 ºC for 10% of weight loss.  
 H2O ppt CH3OH ppt 
 Td 
(5%) 
N2( 
o
C) 
Td 
(10%) 
N2( 
o
C) 
Tg(
o
C) Td 
(5%) 
N2( 
o
C) 
Td 
(10%) 
N2( 
o
C) 
Tg ( 
o
C) 
Mn 
(Da) 
DB 
P1 433 
 
480 181 499 
 
532 175 18,100 0.095 
P2 398 467 163 498 
 
490 168 7900 0.097 
P3 480 511 171 514 518 172 10,000 0.094 
P4 - - - - - - 11,000 0.1 
P5 372 446 213 440 485 205 8500 0.1 
P6 - - 199 495 495 204 9000 0.20 
P7 464 480 - 481 518 - 9300 0.21 
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Tg ranged from 171-213 
o
C for the H2O precipitate polymers and from 168- 205 
o
C 
for CH3OH precipitate polymers, synthesized under azeotropic drying conditions. Tg 
appears to increase with the increase in the MW values. 
3.13.2.1 Thermal analysis data of P9-P12, synthesized under non - azeotropic 
conditions 
Table 10: TGA values for the H2O ppt of polymers P9-P12, under non - azeotropic 
conditions. 
 
 
 
 
 
 
 
For the non-azeotropic drying polymers of 1, the Td values for the H20 precipitate 
samples are shown in Table 10 and they ranged from 401 - 498 ºC for 5% of weight 
loss and 483 - 535 ºC for 10% of weight loss. 
 Tg value ranged from 172 
o
C to 177 
o
C for polymers under non-azeotropic 
conditions. The Tg of P9 at a MW 11,165 and a D.B of 0.12 was 172 
o
C. The Tg of 
P10 at a MW 18,449 and a D.B of 0.14 was 176 
o
C. Tg values increased slightly with 
the increase in the MW value.  The Tg of P11 at a MW 12,754 and a D.B of 0.23 was 
179 
o
C. Here the MW of the polymer is less but the Tg value is high. This might be 
due to the increase in the D.B values. The Tg of P12 at a MW 10,706 and a D.B of 
 
 
H2O ppt 
 Td 
(5%) 
N2( 
o
C) 
Td 
(10%) 
N2( 
o
C) 
Td 
(5%) 
air( 
o
C) 
Td 
(10%) 
air( 
o
C) 
Tg ( 
o
C) 
Mn 
(Da) 
DB 
P9 483 519 475 526 172 11,165 0.12 
P10 401 483 229 446 176 18,449 0.14 
P11 480 505 426 505 179 12,754 0.23 
P12 498 535 510 535 177 10,706 0.2 
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0.20 was 177 
o
C. Here the Tg decreased, since the reaction was carried at a dilute 
concentration and for less period of time. 
 Polymers synthesized at 0.1M concentration, azeotropically i.e P5 and P6 had 
higher Tg than those synthesized under non-azeotropic drying. Rest of the polymers 
had similar Tg compared to that of non-azeotropically dried polymers. The Td values 
of all the polymers are above 370 
o
C. CH3OH precipitated samples showed higher Td 
values than water precipitated samples.  
TGA results of polymers P9-P12 
 
Figure 37: TGA results of polymers P9-P12 under nitrogen. 
 
Figure 38: TGA results of polymers P9-P12 under air. 
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   DSC Results of polymers P9-P12 
 
 
Figure 39: DSC results of polymers P9-P12. 
 
3.13.2.2 Thermal analysis data of P15-P18, synthesized under non - azeotropic 
conditions 
Table 11: TGA and DSC results of P15-P18 under azeotropic conditions. 
 
 
 
 
 
 
For the polymers synthesized with monomer 2 and precipitated with H2O, as shown 
in the Table 11, 5% weight loss, Td values ranged from 430 
o
C to 502 
o
C under N2 
and from 412 – 438 
o
C under air.  10% weight loss ranged from 529 
o
C to 568 
o
C 
under N2 and from 478 – 506 
o
C under air. The Tg values ranged from 126 
o
C to 145 
o
C. 
H2O Precipitate 
 Td 
(5%) 
N2( 
o
C) 
Td 
(10%) 
N2( 
o
C) 
Td 
(5%) 
air( 
o
C) 
Td 
(10%) 
air( 
o
C) 
Tg ( 
o
C) 
Mn 
(Da) 
DB 
P15 430 529 427 478 126 8,199 0.11 
P16 455 568 412 498 135 10,212 0.12 
P17 488 561 433 506 143 10,267 0.18 
P18 502 566 438 501 145 10,181 0.21 
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Tg values of polymers of 2 varied as 126 
o
C, 135 
o
C, 143 
o
C, to 145 
o
C for the 
polymers P15, P16, P17 and P18 with MW values of 8,199, 10,212, 10,267, 10,181 
and D.B of 0.1, 0.12, 0.18 and 0.21. The  Tg of polymers from 2 had a large range of 
values which can be due to the significant increase in the MW and the DB values of 
the polymers. 
 The Tg value of the polymer P18 with a MW of 10,181 and a D.B of 0.21 is 
145 
o
C. This polymer had a higher Tg value than the polymer with higher MW i.e P17 
which had a MW of 10,267. The higher Tg value of P18 might be due to its greater 
D.B value. It was observed that the Tg values (DSC results) and the Td values are 
higher in polymers with higher MW and DB values. Tg values also varied with the 
DB values. Tg values are higher in polymers with greater branching units.  In all cases 
the DB values of polymers prepared from 1 are observed to be higher than those from 
2. This may be due to the geometry and the reactivity difference between the two 
monomers. 
 TGA results of polymers P15-P18. 
 
Figure 40: TGA results of polymers P15-P18 under nitrogen. 
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Figure 41: TGA results of polymers P15-P18 under air. 
 
DSC Results of polymers P15-P18. 
 
Figure 42: DSC results of polymers P15-P18. 
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3.14    Conclusions 
 
 
 Two BB’B” monomers, 4, 3’, 5’-trifluorophenyl sulfone, 1 and 4, 3’, 5’-
trifluorobenzophenone, 2 were designed to undergo NAS reactions. The model 
reactions were carried out and analyzed by GC/MS, 
19
F and 
1
H and 
13
C NMR 
spectroscopy, where the para position was shown to be significantly more reactive 
than the meta position and substitution of one of the meta position decreased the 
reactivity of the other meta position. By increasing the temperature, the fluorine atom 
at the other meta position could be displaced.  Soluble, branched, poly (arylene ether 
sulfone)s were achieved by the reaction of 1 with 4, 4’-dihydroxybiphenyl, 3 under 
typical NAS conditions. The DB was determined by the 
13
C NMR spectrosopy. 
Polymers synthesized from 1 monomer had DB ranging from 0.12 to 0.2 under 
azeotropic conditions and 0.12 – 0.23 under non-azeotropic conditions and the DB 
values for polymers from 2 ranged from 0.1 to 0.21 under non-azeotropic conditions.  
Polymers contained mostly linear chains with DB always less than 0.5. In the 3 A2+2 
B3 (monomer 2) reaction, the DB was shown to be the highest, at 0.4, but with the 
absence of end groups. This indicates the formation of cyclics due to the 
intramolecular cyclization. It is interesting to note the Td values increased as DB 
increased. Tg values were also higher in polymers with higher MW and DB values.  
DB values of 1 are observed to be higher than those of 2 polymers. This may be due to 
the geometry and the reactivity difference between the two monomers. 
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